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Multiply By To obtain

Length

centimeter (cm) 0.3937 inch (in.)

millimeter (mm) 0.03937 inch (in.)

meter (m) 3.281 foot (ft)

kilometer (km) 0.6214 mile (mi)

micron (um) 0.00003937 inch (in.)

Area

square meter (m2) 0.0002471 acre

square kilometer (km2) 247.1 acre

square centimeter (cm2) 0.001076 square foot (ft2)

square meter (m2) 10.76 square foot (ft2)

square centimeter (cm2) 0.1550 square inch (ft2)

square kilometer (km2) 0.3861 square mile (mil)

Volume

cubic centimeter (cm3) 0.06102 cubic inch (in3)

liter (L) 61.02 cubic inch (in3)

cubic meter (m3) 35.31 cubic foot (ft3)

cubic kilometer (km3) 0.2399 cubic mile (mi3)

Flow rate

meter per day (m/d) 3.281 foot per day (ft/d)

meter per year (m/yr) 3.281 foot per year ft/yr)

millimeter per year (nun/yr) 0.03937 inch per year (in/yr)

Mass

gram (g) 0.03527 ounce, avoirdupois (oz)

kilogram (kg) 2.205 pound avoirdupois (lb)

Pressure

kilopascal (kPa) 0.009869 atmosphere, standard (atm)

kilopascal (kPa) 20.88 pound per square foot (lb/ft2)

kilopascal (kPa) 0.1450 pound per square inch (lb/ft2)



Density

kilogram per cubic meter (kg/m3) 0.06242 pound per cubic foot (1b/ft3)

gram per cubic centimeter (g/cm3) 62.4220 pound per cubic foot (lb/ft3)

Radioactivity

becquerel per liter (Bq/L) 27.027 picocurie per liter (pCi/L)

Specific capacity

liter per second per meter [(L/s)/m} 4.831 gallon per minute per foot [(gal/min)/ft]

Hydraulic conductivity

meter per day (m/d) 3.281 foot per day (ft/d)

Hydraulic gradient

meter per kilometer (m/km) 5.27983 foot per mile (ft/mi)

Transmissivity*

meter squared per day (m2/d) 10.76 foot squared per day (ft2/d)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows: °F=(1.8x°C)+32
Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows: °C.(°F-32)/1.8
Vertical coordinate information is referenced to the "North American Vertical Datum of 1988 (NAVD 88)"
Horizontal coordinate information is referenced to the "Idaho State Plane Coordinate System East Zone Datum of 1927 (NAD27)"
Altitude, as used in this report, refers to distance above the vertical datum.
Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (pS/cm at 25°C).
Concentrations of chemical constituents in water are given either in milligrams per liter (mg/L) or micrograms per liter (pg/L).

Acronyms

Acronym Definition 

ANSI American National Standards Institute
ANSTO Australian Nuclear Science and Technology Organization
ASTM American Society for Testing Materials

BLR Big Lost River

BWIP Basalt Waste Isolation Program
CEC cation exchange capacity
COC contaminant of concern
COPC contaminant of potential concern

DO dissolved oxygen

DOC dissolved organic carbon
DOE Department of Energy

DOT Department of Transportation
DQO data quality objective
EDS electron microscopy/energy dispersive X-ray spectroscopy
EG&G former site contractor
EPA Environmental Protection Agency
EQ3/6 thermodynamic database
ERDA Energy Research and Development Administration
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FSMs field sampling methods
FSP field sampling plan
FY fiscal year

HATCHES thermodynamic database
ICPP Idaho Chemical Processing Plant
INEEL Idaho National Engineering and Environmental Laboratory
INTEC Idaho Nuclear Technology and Engineering Center
IRA Interim Risk Assessment
IUPAC International Union of Pure and Applied Chemistry
LEA local equilibrium assumption
LMITCO Lockheed Martin Idaho Technologies, Inc.
LSD land surface datum
LSIT Large Scale Infiltration Test
MCL maximum concentration limit
MDL minimum detection level
NEA Nuclear Energy Agency
NIST National Institute of Standards and Technology
OECD Organization for Economic Cooperation and Development
PHREEQC computer program (pH redox equilibrium equations in the C programming language)
PNNL Pacific Northwest National Laboratory
QAP quality assurance plan
QAPjP quality assurance project plan
QC quality control
RATEQ biogeochemical reactive-transport model
RESL Radiological and Environmental Sciences Laboratory
RI/FS remedial investigation/feasibility study
ROD record of decision
RWMC Radioactive Waste Management Complex
SAP sampling analysis plan
SCM surface complexation model
SDA Subsurface Disposal Area
SI saturation indices
SMO Sample Management Office
SOW statement of work
SRP Snake River Plain
TETRAD multiphase flow and solute transport computer code
TDS total dissolved solids
TOC total organic carbon
TRA Test Reactor Area
TSA Transuranic Storage Area
USGS United States Geological Survey
VOC volatile organic compound
WAG-3 Waste Area Group 3
WAG-7 Waste Area Group 7
WRIT Waste/Rock Interaction Technology
XRD X-ray diffraction
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Chemical Symbols

Al aluminum

Am americium

AN-65 labradorite

Ba barium

Br bromide

Ca calcium

CaCO3 calcium carbonate

CaC12 calcium chloride

Ca(NO3)2 calcium nitrate

Ce cerium

Cl chloride

Cm curium

Co cobalt

CO2 carbon dioxide

CO3 carbonate

Cs cesium

DTPA diethylenetriaminepentacetic acid

EDTA ethylenediaminetetraacetic acid

Eh redox potential

F fluoride

fo-50/10-90 olivine

Fe iron

HEDTA N-hydroxyethylene-diaminetriacetic acid

H hydrogen

H2O water

HC1 hydrochloric acid

HCO3 bicarbonate

HC1O4 perchloric acid

HNO3 nitric acid

K potassium

N nitrogen

Na sodium

NaNO3 sodium nitrate

NH4 ammonium

NO2 nitrite

NO3 nitrate

Np neptunium
NTA nitrilotriacetic acid
Mg magnesium
Mn manganese
02 oxygen

OH hydroxide
P phosphorus
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Pco2 partial pressure of carbon dioxide

PO4 phosphate

Pu plutonium
Ru ruthenium
Sb antimony
Si02 silica

SO4 sulfate

Sr strontium
Th thorium
U uranium
pH hydrogen ion activity
XO metal oxide
Zn zinc
2H hydrogen isotope

180 oxygen isotope

delta notation for oxygen and hydrogen stable isotope ratios

Symbols

q = flux density

Ksai = saturated hydraulic conductivity

= water pressure

p = density of water
g = gravitational acceleration

= water content

z = vertical distance

K = hydraulic conductivity

a = differential operator
C = differential water capacity
Kd = distribution coefficient (volume per mass)

Cs = mass of solute adsorbed per mass of adsorbent

CAq = mass of solute dissolved per volume of water

RF = retardation factor

Pb= bulk density (mass per volume)

Kr = distribution coefficient (mass per mass per unit volume or unit mass)

ST = surface site density

M = molar concentration
m = molal concentration
Ka = distribution coefficient (defined on basis of surface area)

SA = specific surface area

k = permeability
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kv = vertical permeability

kh = horizontal permeability

nf = fracture porosity

VL = longitudinal dispersivity

Pe = capillary pressure

h = capillary rise

= interfacial surface tension

0 = contact angle
bf = fracture aperture

kfc = fracture continuum permeability

VT = transverse dispersivity

I = gas-phase tortuosity

nni = effective matrix porosity

° = degrees
V = gradient
oc = proportionality
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Abstract ES-1

Abstract

The U.S. Department of Energy (DOE) requested that the U.S. Geological Survey conduct an independent

technical review of the Interim Risk Assessment (IRA) and Contaminant Screening for the Waste Area Group 7

(WAG-7) Remedial Investigation, the draft Addendum to the Work Plan for Operable Unit 7-13/14 WAG-7

comprehensive Remedial Investigation and Feasibility Study (RI/FS), and supporting documents that were prepared

by Lockheed Martin Idaho Technologies, Inc.

The purpose of the technical review was to assess the data and geotechnical approaches that were used to estimate

future risks associated with the release of the actinides americium, uranium, neptunium, and plutonium to the Snake

River Plain aquifer from wastes buried in pits and trenches at the Subsurface Disposal Area (SDA). The SDA is located

at the Radioactive Waste Management Complex in southeastern Idaho within the boundaries of the Idaho National

Engineering and Environmental Laboratory. Radionuclides have been buried in pits and trenches at the SDA since

1957 and 1952, respectively. Burial of transuranic wastes was discontinued in 1982.

The five specific tasks associated with this review were defined in a "Proposed Scope of Work" prepared by the

DOE, and a follow-up workshop held in June 1998. The specific tasks were (1) to review the radionuclide sampling

data to determine how reliable and significant are the reported radionuclide detections and how reliable is the ongoing

sampling program, (2) to assess the physical and chemical processes that logically can be invoked to explain true

detections, (3) to determine if distribution coefficients that were used in the IRA are reliable and if they have been

applied properly, (4) to determine if transport model predictions are technically sound, and (5) to identify issues

needing resolution to determine technical adequacy of the risk assessment analysis, and what additional work is

required to resolve those issues.
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Executive Summary

This review of the Interim Risk Assessment (IRA) for
Waste Area Group 7 (WAG-7) 13/14 Operable Units
focuses on the fate and transport of selected
actinides—americium (Am), uranium (U), neptunium
(Np), and plutonium (Pu)—in mixed transuranic wastes
buried in the shallow subsurface at the Subsurface
Disposal Area (SDA), Radioactive Waste Management
Complex (RWMC), Idaho National Engineering and
Environmental Laboratory. The purpose of the IRA is to
quantify the risk to human health and safety associated
with the potential release of toxic and hazardous waste
buried in shallow pits and trenches in the SDA.

The review team believes that the principal
investigators for the IRA have done a commendable job of
integrating the available information, justifying the
different approaches used, documenting their
assumptions, and acknowledging data limitations that
they view as critical to the conclusions reached in the
assessment. The latter is especially noteworthy and
appreciated by the review team because of the complex
issues involved in this review. The review team also
acknowledges the excellent cooperation of the principal
investigators of the IRA study in responding to requests
for clarification, additional information, and supporting
documentation.

The review team shares many of the concerns about
data limitations that were expressed by the principal
investigators of the IRA and other supporting studies. It is
premature to conclude that these data limitations
invalidate the conclusions reached in the IRA; however,
they do raise doubt about the overall rigor of the study.

The contaminant transport analysis that was used in
support of the IRA is based on (1) a source-term release-
rate model that assumes the entire inventory of buried
actinides will be mobilized at different rates over an
extended period of time, (2) laboratory- or literature-
derived distribution coefficients (Kds) that define the
capacity of the media to remove contaminants that are
presumed to be in solution or behave like they are in
solution, and (3) a flow model that tracks the migration of
waterborne contaminants in time and space. As pointed
out in the IRA, the release-rate model has not been
calibrated and remains a major deficiency that needs to be
resolved before completion of the Comprehensive
Remedial Investigation/Feasibility Study (RI/FS). Many
of the factors that affect the fate and transport of
contaminants in the subsurface apply as well to the
release-rate model.

The review team did not address issues that involved
definition of the source term and modeling of contaminant
release rates, both of which add additional uncertainty to
an already complex problem. It is clear that definition of
the source term and release rates are at least as important
as other issues related to the formulation of the
computational scheme to predict actinide transport. The
solubility of the actinides depends on their chemical form
and on the chemistry of the water that comes into contact
with the actinides. Water chemistry is affected by the
degradation and dissolution of other wastes that are buried
with or near the actinide-bearing wastes. The implications
of local water chemistry on actinide solubility, release
rates, and contaminant transport are uncertain.

With a few exceptions, predictions of future actinide
concentrations (Am, U, Np, and Pu) in the Snake River
Plain aquifer that are presented in the IRA are less than,
and in many cases significantly less than, maximum
contaminant levels established by the U.S. Environmental
Protection Agency. Notable exceptions are U and Np.
Predicted concentrations, however, are based on limited
and incomplete data that, in the opinion of the review
team, are not adequate to demonstrate adherence to the
guiding philosophy for model development presented in
the IRA.

The guiding philosophy in developing the numerical
simulator (Magnuson and Sondrup, 1998) was to use
technically defensible estimates for the Kds and
conservative estimates of model parameters wherever
"realistic" estimates were not available. The intent of the
IRA was to present a conservative (but not overly
conservative or unrealistic) scenario. It was not the intent
of the IRA to present a "worst-case scenario". However,
the distinction between what is conservative or
technically defensible and what is realistic is oftentimes
blurred.

The review team examined many supporting
documents for the IRA in arriving at the conclusion that
model results are not shown to be conservative because of
incomplete and inadequate knowledge of subsurface flow
conditions and transport processes. For example, the Kds
that were used for Am, U, and Pu transport were derived
from a limited number of batch tests of a single composite
sedimentary interbed sample. This sample was prepared
from a mixture of five samples from different depths and
stratigraphic units and sieved to represent only the fine
fraction of an otherwise heterogeneous suite of samples
with different physical and chemical properties. Forty
percent of the bulk sample (the coarse fraction) was
eliminated from the batch tests, possibly biasing the
results toward higher Kds because of the greater surface



area represented by the finer size fraction. Furthermore,

the batch tests were conducted using synthetic water with

concentrations of major cations and anions that were
generally lower than those measured for ground water and
perched water near the SDA. The lower ionic strength of
the solution reduces competition for available sorbing
sites leading to higher Kd estimates. The synthetic water
also was undersaturated with respect to calcite, even
though calcite is a common mineral phase in the
sedimentary interbeds. This is a potentially serious
departure from actual field conditions because aqueous
stability and mobility of the actinides may be enhanced by
the formation of weakly sorbing carbonate complexes.

The importance of carbonate complexation is
demonstrated in the thermodynamic modeling that was
conducted as part of this review. Formation of carbonate
complexes was also suggested, along with colloidal
transport, as possible explanations for the early elution of
a "fast fraction" that was observed in the column
experiments for Am and Pu referenced in this review.
Although the Kds selected for use in the numerical
simulator were selected from the lower end of the range of
these laboratory-derived measurements, it is not obvious
that the limited data and experimental protocols provide
adequate opportunity to demonstrate that these Kds are
reasonably conservative or technically defensible.

The Kd issue is further complicated by the manner in
which Kds are dealt with in the numerical simulator. The
numerical simulator treats individual Kds as constant and
independent of the effects that other contaminants, both
actinide and nonactinide, have on competition for sorbing
sites. This approach assumes that the availability of
sorbing sites is infinite. Additionally, model simulations
of flow indicate that the downward flux of waterborne
contaminants in the subsurface is not uniformly
distributed. This is a realistic portrayal of infiltration and
percolation in the unsaturated zone that places higher
stresses locally on the sorption capacity of the media.

The review team is of the opinion that more, and
presumably better, data are needed to justify predictions
of actinide transport presented in the numerical simulator
that forms the basis of the IRA. In the absence of "reliable
field calibration opportunities" for the actinides, the
reviewers believe that several of the simplifying
assumptions and model parameters selected for use in the
numerical simulator warrant much greater scrutiny than
might otherwise be the case if it were possible to evaluate
model performance on the basis of direct comparisons to
field observations.

Executive Summary ES-3

Calibration of the numerical simulator is based on
matching short-term observations of perched water in the
unsaturated zone (flow component) and short-term
measurements of nitrate concentrations in the saturated
zone (transport component). These calibration controls
are only indirectly suggestive of the model's ability to
predict long-term movement of the actinides. No attempt
was made, and the review team believes rightly so, to
calibrate the model to actinide detections in the field. For
several reasons, calibration of actinide transport to actual
field observations is not realistic. The limited number of
detections, their sporadic and seemingly random nature,
and uncertainty over whether or not these detections
represent dissolved-phase transport, preclude their use for
this purpose, and in that sense, we agree with the approach
presented in the IRA. However, the validity of using the
nondetects as general indicators of model performance is
questionable and may even be misleading. The only valid
conclusion that can be reached from the simulated results
is that the model predicts actinide concentrations that are
below the minimum detection level. Nothing can be said
about whether the model overpredicts or underpredicts
actinide concentrations because there is no way to
objectively confirm or refute the claim.

Although the apparent lack of widespread
contamination is good news, because it probably means
that there is no wholesale release of the actinides at
concentrations above the minimum detection level, it does
present a dilemma. One of the best defenses of a model's
ability to predict future outcomes is its ability to match the
historic record. The longer the historic record, the higher
the confidence in the predictions. To help mitigate the
uncertainty that this dilemma presents, the review team
feels that more rigorous defmition of the hydrologic
properties of the sedimentary interbeds and the actinide
distribution coefficients associated with these geologic
units are needed.

The numerical simulator for the IRA places
considerable emphasis on the role of the sedimentary
interbeds to arrest the movement of the actinides. The
review team feels that this emphasis is appropriate.
However, because the sedimentary interbeds figure so
prominently in the modeling of flow and transport,
thorough characterization of their hydrologic and
geochemical properties should be a very high priority.

Characterization of the interbeds should include
definition of the vertical and lateral variability of their
physical, hydrological, and chemical properties. The
validity of simplifying assumptions, that are needed to
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represent these geologic units in a numerical simulator,
cannot be established without data that can show how
these basic properties vary in space.

Similarly, Kds for the sedimentary interbeds should
be determined using samples that are truly representative
of the different lithologic units and subunits present in the
sedimentary interbeds. Homogenization of these samples,
for purposes of expediting analysis or determining
average properties, should be avoided. Batch and column
Kd experiments should be conducted with solutions that
more closely replicate both the natural- and contaminated-
water chemistry in the vicinity of the RWMC. These tests
should also include an assessment of the impact that other
contaminants in solution have on measured Kds. The
validity of using a constant Kd, for individual actinide
species, needs to be evaluated in the context of a
dynamically evolving chemical system. The evolution of
this system is affected by temporal and spatial variations
in water chemistry, actinide and nonactinide contaminant
concentrations in the ground water, release rates of other
contaminants that are buried at the SDA, and the affinity
of these other contaminants to occupy sorption sites.

Finally, there is considerable uncertainty over how
the exclusion of lateral flow of water from outside the
SDA affects actinide predictions. Until recently (1999),
there was very little evidence to demonstrate that water,
diverted from the Big Lost River (BLR) into the spreading
areas located west of the SDA, can migrate laterally in the
unsaturated zone beneath the SDA. The conceptual model
of flow in the unsaturated zone beneath the SDA assumes
that essentially all flow is derived from precipitation and
surface runoff that occurs within the immediate vicinity of
the SDA. Exclusion of lateral flow from outside the SDA
(BLR and/or spreading areas) may represent a significant
departure from real world conditions. If so, then
interpretations of field data that were used to calibrate the
flow and transport component of the numerical simulator
may be seriously compromised. Until the effects of lateral
flow are better defined, then the reliability of the
numerical simulator to predict the fate and transport of
waterborne contaminants in the subsurface will remain
controversial. Thus, the intent to present a "technically
defensible" approach that would lead to a conservative
(but not overly conservative or unrealistic) scenario has
not been demonstrated.



1.0 Introduction

The Interim Risk Assessment (IRA) and Contami-
nant Screening for the Waste Area Group 7 (WAG-7)
Remedial Investigation (Becker and others, 1998) was
prepared for the U.S. Department of Energy (DOE) by
Lockheed Martin Idaho Technologies, Inc. (LMITCO) as
a formal record of work completed for the Waste Area
Group Comprehensive Remedial Investigation and Feasi-
bility Study (RI/FS). The draft Addendum to the Work
Plan for Operable Unit 7-13/14 WAG-7 RI/FS (DOE,
1998) defined revised strategies and additional require-
ments for conducting the WAG-7 RI/FS. These two
reports and supporting documents will be used to com-
plete the draft Record of Decision (ROD) for remediation
of WAG-7 by December 2002. The DOE, in order to pre-
pare for ROD negotiations with the U.S. Environmental
Protection Agency and the State of Idaho, requested that
the USGS conduct an independent technical review of the
Interim Risk Assessment, the Addendum, and associated
documents.

The current version of the IRA represents a prelimi-
nary analysis of the potential risks to human health and
safety associated with the release of buried mixed-chemi-
cal, low-level, and high-level wastes at the Radioactive
Waste Management Complex (RWMC) Subsurface Dis-
posal Area (SDA) (fig 1-1). The current IRA is a compre-
hensive evaluation of risks associated with all contami-
nants of potential concern (COPC' s). This review of the
IRA is concerned only with the analysis of predicted
releases of long-lived actinides (Am, U, Np, and Pu) to the
accessible environment. It is further limited to a review of
the radionuclide data and geotechnical methodologies that
were used in the numerical model to predict actinide
migration in the subsurface. Evaluation of the contami-
nant source term and the model that was used to predict
the rate and timing of releases of the actinides from buried
waste containers are not included in this review. For pur-
poses of this review, the accessible environment is
defined as the Snake River Plain (SRP) aquifer.

The SDA comprises an area 975 m long from east to
west and 520 m wide along its eastern boundary. Radio-
active wastes have been buried within its boundaries in
trenches since 1952 and in pits since 1957. The pits and
trenches range from 15 to 91 m wide, 76 to 335 m long,
and 1.4 to 4.6 m deep. Burial of transuranic wastes at the
SDA ceased in 1982.

The potential for future releases of the actinides to the
SRP aquifer and the risks associated with those releases
depend on the source term (quantity and types of other
contaminants present, their chemical form, and their

1.0 Introduction 1-1

release rates) and the mobility of the actinides themselves.
Actinide mobility presumably is enhanced by the pres-
ence of water because water moves and is constantly
replenished, which sustains downward movement of the
contaminant. The form of the contaminant determines
how mobile it will be as an aqueous species, whether in
true solution or in suspension. Its movement from beneath
present burial sites to the accessible environment is con-
trolled by water and rock interactions that are determined
by the geology and chemistry of the environment that it
comes into contact with. These complex physical and
chemical processes can be expected to vary in both time
and space.

1.1 Purpose

The purpose of this technical review was to evaluate
the data and the geotechnical approaches that were used
by LMITCO to estimate future risks associated with the
release of four actinides (Am, U, Np, and Pu) to the acces-
sible environment (SRP aquifer) from wastes buried in
pits and trenches at the SDA.

12 Scope

The scope of this review and the organization of this
report are defined by a series of five tasks, each framed as
a question. These questions were developed from discus-
sions with DOE based on a preliminary "Proposed Scope
of Work" prepared by DOE and a follow-up workshop in
June 1998 that was attended by review-team members,
DOE, and LMITCO personnel. The workshop included
summary presentations by the principal investigators
from LMITCO who were involved in the development of
the IRA and supporting studies, and a visit to the RWMC
that was hosted by the DOE and LMITCO personnel
involved in site monitoring activities.

The scope and objectives of the individual tasks iden-
tified in the review proposal are summarized as follows:

1.2.1 Task 1: Review of radionuclide sampling data at
the Radioactive Waste Management Complex

Question: How reliable and significant are the
reported radionuclide detections, and how reliable is the
ongoing sampling program?

The objective of Task 1 was to evaluate the reliability
and significance of the reported detections of actinide
radionuclides at the RWMC and to assess the reliability of
the ongoing sampling program. The radionuclide species
to be considered were Am, U, Np, and Pu. Data to be con-
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sidered were data presented in the IRA, data published by
the USGS, and any additional data provided by LMITCO
and DOE.

Multiple criteria were to be considered in evaluating
the available data: (1) statistical significance, (2) isotopic
association, (3) consistency of detections with the histori-
cal data record, (4) the possibility of cross contamination,
and (5) the adequacy of the sampling program.

1.2.2 Task 2 Radionuclide transport processes

Question: What physical and chemical processes can
logically be invoked to explain (true) detections?

The objective of Task 2 was to provide reasonable
explanations to account for the observed transport of the
actinide radionuclides at the SDA, as interpreted from
data evaluated in Task 1. Both geochemical and hydro-
logic factors were to be considered in explaining true
detections that were summarized in Task 1. The scope of
this task involved (1) speciation calculations to evaluate
what conditions at the SDA are consistent with enhanced
mobility of Am, U, Np, and Pu, (2) an assessment of the
role of colloid-facilitated transport on actinide movement
in the subsurface, and (3) an evaluation of the possible
role of preferential flow on actinide migration.

1.2.3 Task 3: Distribution coefficients (Kds) and their
application to transport analysis

Question: Are Kds that were used in the IRA reliable
and have they been applied appropriately?

The objective of Task 3 was to evaluate the reliability
and appropriateness of Kds that were used in the fate-and-
transport modeling of the actinides as described in the
IRA. The scope of this task involved (1) a review of the
literature on Kds that may be considered applicable to the
RWMC and Kds reported for similar subsurface sedi-
ments, (2) an evaluation of Kds used in the IRA in terms
of the existing subsurface mineralogy and aqueous
geochemical conditions, (3) an evaluation of the experi-
mental protocols used to determine Kds, (4) determination
of the extent to which the Kd concept may be applicable
to the site, and (5) an assessment of the uncertainty asso-
ciated with the Kds used for fate-and-transport modeling.

1.24 Task 4: Transport model analysis

Question: Are model predictions defensible?
The objective of Task 4 was to evaluate whether or

not the 3D model predictions of actinide transport made in
support of the IRA are defensible. The scope of this task

includes (1) an evaluation of the conceptual model, (2)
and assessment of the numerical model's representation
of the stratigraphic framework of the fractured basalts and
the role of the sedimentary interbeds, (3) an evaluation of
the adequacy of the data sets selected for model calibra-
tion, and (4) an assessment of the predictive capabilities of
the model.

1.2.5 Task 5: Further work

Question: What are the most significant issues that
need to be resolved to support and defend the risk assess-
ment analysis?

Question: What additional work is required to resolve
those issues?

The objective of Task 5 was to provide timely interim
guidance to several questions. First, what are the most sig-
nificant issues that need to be resolved to support and
defend the risk assessment analysis? Second, what addi-
tional work is immediately required to resolve those
issues? This interim guidance was offered to provide suf-
ficient lead time to resolve those issues within the time
frame of the draft ROD (2002).

The scope of Task 5 included preliminary reviews of
the Interim risk Assessment (Becker and others, 1998),
results of the Large-Scale Infiltration Test (Wood and
Norrell, 1996), Distribution Coefficients and Contami-
nant solubilities for the Waste Area Group 7 Baseline
Risk Assessment (Dicke, 1997), and the flow and trans-
port model (Magnuson and Sondrup, 1998). Additionally,
planned work items were evaluated that were identified in
the Addendum to the Work Plan (DOE/ID, March 1998).
The intent of this task was to focus primarily on data
needs rather than analytical approaches.
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1.4 Report Organization

This report is organized into 7 chapters—Introduc-
tion, Conceptual Model, and Tasks 1 through 5. Each
chapter with the exception of the introduction contains its
own summary.
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2.0 Conceptual model of aqueous-phase
fluid flow and contaminant transport

21 Regional setting

The Subsurface Disposal Area (SDA) (fig. 1-1) is on
the eastern Snake River Plain (SRP), and the ground water
immediately below it is part of the large and heavily used
SRP aquifer. The climate is semiarid; average annual pre-
cipitation is about 22 cm. Subsurface water movement is
affected by a variety of topographic and hydrogeologic
features, both natural and artificial. The unsaturated zone
at the SDA is unusually thick—about 200 m. It also is
complex, comprising granular media and consolidated,
fractured rock, both of which affect the subsurface hydrol-
ogy in many ways. These media are highly stratified. The
contrasts in properties of adjacent layers may impede
downward flow but also may lead to various types of fast,
or preferential flow. Near the SDA, surface-water fea-
tures, notably the Big Lost River (BLR) and spreading
areas, sometimes are major sources of infiltration.

Key issues related to subsurface contaminant trans-
port include (1) travel times to and within the aquifer, both
average or typical values and the range of values to be
expected, and (2) modes of contaminant transport, espe-
cially adsorption processes. Some of the complicating
factors are the effectiveness of natural and artificial barri-
ers; the direction (horizontal, vertical, or other) of flow-
paths; the diffuse or preferential nature of flow; the chem-
ical nature of the contaminants and subsurface media; and
sources of water now in the subsurface, such as local pre-
cipitation, runoff, and lateral flow from spreading areas or
elsewhere.

2.2 Conceptual models

In hydrologic contexts, the term "conceptual model"
is used in at least two different ways: (1) An ideal sort of
conceptual model was defined by Hoxie (1989) with a
quote from Russell (1948) that considers a conceptual
model of a natural system to be a "hypothesis which fits
the (available) data, which are as simple as compatible
with this requirement, and which make it possible to draw
inferences subsequently confirmed by observation," and
(2) An applied conceptual model was defined by Ander-
son and Woessner (1992) as "a pictorial representation of
the ground water flow system, frequently in the form of a
block diagram or a cross section. The nature of the con-
ceptual model will determine the dimensions of the
numerical model and the design of the grid." In both

usages, the conceptual model relates a physical system to
a mathematical model, though definition 1 emphasizes the
validity of the connection to the physical system, requir-
ing it to produce "inferences subsequently confirmed by
observations," whereas definition 2 is less rigorous,
emphasizing the practical connection to the mathematical
model, but not implying that the predictions will necessar-
ily be realistic. In USGS research at Yucca Mountain in
Nevada, there has been a continual effort, presented in a
series of publications (Montazer and Wilson, 1984; Wit-
twer and others, 1992; Hoxie, 1989), to create and develop
a conceptual model that is intended, with each refinement,
to more closely approximate an ideal conceptual model.
Research at the INEEL SDA relies heavily on a practical
conceptual model that has not been explicitly presented in
the 'NEEL reports but is implied by the assumptions and
other details of numerical modeling (Becker and others,
1998; Magnuson and Sondrup, 1998). In this chapter, we
describe our best approximation of an ideal conceptual
model of transport processes at the SDA. In chapter 6, we
explicitly evaluate the practical conceptual model used in
the most advanced numerical modeling of actinide trans-
port at this site.

The construction of an ideal conceptual model neces-
sitates choice among competing hypotheses, and recogni-
tion of uncertainties of individual components of the
model. One example of competing hypotheses is whether
sedimentary interbeds are a major retarding influence on
vertical contaminant transport or an expediting influence
because of preferential flowpaths within them. Another is
whether the perched water commonly observed within
and above interbeds comes from local infiltration whose
downward flow is impeded or from lateral flow from
areas that sometimes are sources of substantial infiltration
(for example, the spreading areas west of the SDA).

2.3 Geologic framework

The geologic framework of the SDA consists of inter-
bedded basalts and sediments of Quaternary age. Basalt
flows erupted from numerous fissures and small shield
volcanoes located on and near the Arco-Big Southern
Butte volcanic rift zone (Kuntz and others, 1992). Sedi-
ment consists of alluvial and eolian deposits derived from
the ancestral channel and floodplain of the BLR (Right-
mire and Lewis, 1987b; Hughes, 1993). These deposits
make up a thick unsaturated zone and the SRP aquifer at
the SDA.



2-2 Review of the transport of selected radionuclides in the Interim Risk Assessment

2.3.1 Geologic data

The geologic framework of the SDA and adjacent
areas has been characterized on the basis of data from 94
wells (Magnuson and Sondrup, 1998). About half of these
wells are at and near the SDA (figs. 2-1 and 2-2). Contin-
uous cores ranging in length from less than 30 m to 550 m
were obtained from 34 of the 94 wells (Davis and others,
1997); however, only three of these cores are longer than
90 m. Most basalt cores represent nearly complete recov-
ery. Past recoveries of sediment cores ranged from 0 to
100 percent, but commonly were less than 50 percent
(Hughes, 1993; Burgess and others, 1994). Common
borehole geophysical logs, such as caliper, neutron, natu-
ral-gamma, and density logs, were obtained from most
wells (Bartholomay, 1990a). These wells include 20 U.S.
Geological Survey wells that are labeled as USGS 9, 87,
88, 89, 90, 91, 92, 93, 93A, 94, 95, 96, 96A, 96B, 105,
109, 117, 118, 119, and 120 in figures 2-1 and 2-2.

Numerous studies have been conducted to character-
ize the geohydrologic properties of basalt and sediment at
the SDA. Kuntz and others (1980) described the geologic
ages, petrographic characteristics, and paleomagnetic
properties of basalt cores from wells 77-1, 76-6, USGS
93A, USGS 94, and USGS 95, located at and near the
SDA (fig. 2-2), that form the foundation of stratigraphic
interpretations at the SDA; basalt cores from three addi-
tional wells, OA, WWW 1, and USGS 118, were evalu-
ated for paleomagnetic properties at a later time. Strati-
graphic relations were refined by Anderson and Lewis
(1989) and Anderson and others (1996) using a combina-
tion of these core data and natural-gamma logs from 72
wells at and near the SDA. Rightmire (1984) and Right-
mire and Lewis (1987b) described the grain-size distribu-
tions, bulk mineralogy, clay mineralogy, carbonate con-
tents, and cation exchange capacities of surficial sediment
and sedimentary interbeds on the basis of samples from 18
coreholes and selected waste pits at and near the SDA.
Hughes (1993) described the mean grain sizes, sorting,
skewness, kurtosis, general lithologies, and interpreted
depositional environments and sedimentary structures of
interbeds on the basis of samples obtained from 17 shal-
low cores at the SDA. Hydraulic characteristics of the
basalt and sediment have been evaluated on the basis of
numerous aquifer tests (Ackerman, 1991; Wylie and oth-
ers, 1995), in situ and laboratory measurements of geo-
logic materials (Bishop, 1991; Bishop, 1996; Welhan and
Wylie, 1997), and simulations of data obtained from the
Large-Scale Infiltration Test (LSIT), which was con-
ducted about 1.5 km south of the SDA (Magnuson, 1995).
Despite these and other studies, currently not enough is
known about the characteristics and distribution of the

fine-scale features of basalt and sediment that are most
likely to affect the potential for downward and lateral
movement of water and wastes at the SDA. This is
because these features throughout the SDA have not been
characterized in a systematic and comprehensive way.

2.3.2 Stratigraphy

At least 11 basalt-flow groups, 10 sedimentary inter-
beds, and a veneer of surficial sediment are present
between the land surface and the uppermost 60 m of the
aquifer at the SDA (fig. 2-1) (Anderson and Lewis, 1989;
Anderson and Bartholomay, 1995; Anderson and others,
1996). Basalt-flow groups informally are referred to as A
through I. Sedimentary interbeds are referred to as A-B
through H-I; interbeds A-B, B-C, and C-D are the thickest
and most widespread interbeds. They also have been
referred to in previous studies as the 30-ft (9-m), 110-ft
(34-m), and 240-ft (73-m) interbeds, respectively. In this
report, the letter designation will be used to identify these
interbeds. Each flow group consists of from one to five
separate basalt flows (Kuntz and others, 1980). Sedimen-
tary interbeds and the surficial sediment consist of well
sorted to poorly sorted deposits of clay, silt, sand, and
gravel (Rightmire and Lewis, 1987a, b; Hughes, 1993).
Basalt makes up about 90 percent of the volume of this
stratigraphic section. Geologic ages of basalt flows in the
section range from about 100 thousand years for those of
flow group A to about 640 thousand years for those of
flow group I. Ages of sedimentary interbeds A-B, B-C,
and C-D range from about 100 thousand to 230 thousand
years. The surficial sediment has been deposited during
the past 100 thousand years following the eruption of
basalt-flow group A. Because of their young ages and
shallow depths, the surficial sediment and sedimentary
interbeds A-B, B-C, and C-D are mostly unconsolidated.

2.a3 Basalt flows

Source vents for most basalt flows at and near the
INEEL, including those at the SDA, are concentrated in
volcanic rift zones that trend perpendicular to the axis of
the eastern SRP and parallel to the adjacent mountain
ranges (Kuntz and others, 1992; Kuntz and others, 1994).
Volcanic rift zones are characterized by eruptive and non-
eruptive fissures, dikes, monoclines, faults, graben, and
volcanoes having elongated slot-shaped vents (Rodgers
and others, 1990; Kuntz, 1992; Kuntz and others, 1992;
Smith and others, 1996). The distribution of fissures,
dikes, and volcanoes is of hydrologic importance at and
near the SDA because these features probably are numer-
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ous and may greatly affect the range and distribution of
hydraulic conductivity and the movement of ground water
and wastes (Anderson and others, 1999). Areas proximal
to volcanic vents are composed of highly permeable
basalt flows and other volcanic deposits that may provide
localized, preferential pathways for ground-water flow
and movement of wastes. Dikes are thin, dense, vertical
sheets of intrusive rock that locally may impede the move-
ment of ground water and wastes. Noneruptive fissures
that parallel dikes locally may provide additional highly
permeable conduits for ground-water flow and movement
of wastes. The SDA lies within a suspected vent corridor,
one of many narrow, northwest-trending extensional fea-
tures within and near the Arco-Big Southern Butte volca-
nic rift zone where there is a high probability for con-
cealed volcanic vents, feeder dikes, and open fissures
(Anderson and Liszewski, 1997; Anderson and others,
1999). The heterogeneity of volcanic rocks within this and
other nearby vent corridors may impart complex anisot-
ropy to the hydrologic system at and near the SDA.

2.33.1 Typical basalt-flow characteristics

A basalt-flow group, such as A through I at the SDA
(fig. 2-1), consists of one or more distinct basalt flows
deposited during a single, brief, eruptive event (Kuntz and
others, 1980). All basalt flows of a group erupted from the
same vent or several nearby vents, represent the accumu-
lation of one or more lava fields from the same magma,
and have similar geologic ages, paleomagnetic properties,
and chemical compositions (Anderson and Bartholomay,
1995). The basalt flows mostly were deposited as tube-fed
pahoehoe flows in the medial to distal parts of their
respective lava fields. Individual flows generally range
from 3 to 15 m thick and locally are interbedded with sco-
ria and thin layers of sediment. Tube-fed pahoehoe flows,
which are the most common type of flows in the eastern
SRP, are characterized by dense interiors and rubbly,
vesicular tops and bottoms cut by horizontal and vertical
.cooling fractures. Fractures and vesicles commonly are
coated with fine-grained sediment infill and sometimes
with secondary minerals consisting of calcite, clays, and
zeolites (Rightmire and Lewis, 1987b; Morse and
McCurry, 1997). Fractures within and contacts between
individual basalt flows provide a complex network of
potential vertical and horizontal pathways for the move-
ment of water and wastes within the unsaturated zone and
the aquifer.

2.33.2 Typical basalt-flow geochemistry

Most basalt flows at the INEEL have the chemical
characteristics of both tholeittic and alkali olivine basalts.

The small silica and large iron contents indicate that liquid
temperatures were approximately 1,050 °C (Stout and
Nichols, 1977). These basalts generally are medium to
dark gray and range from vesicular, having elongated ves-
icles up to 4 cm in length, to dense. Typical basalt samples
consist mainly of plagioclase feldspar (averaging An65,
the composition of labradorite), pyroxene (tentatively
identified as augite), and olivine (Fo50 to Fog()); and con-
tain lesser amounts of ilmenite, magnetite, hematite, and
accessory apatite (Kuntz and others, 1980; Rightmire and
Lewis, 1987b; Knobel and others, 1997). Chemical com-
positions of selected basalt samples at the INEEL were
presented in reports by Kuntz and Dalrymple (1979),
Knobel and others (1995), Reed and others (1997), and
Collelo and others (1998). Stout and Nichols (1977) state
that the augite contains 18.8 percent CaO and that opaque
minerals constitute between 7 and 21 percent of the rock.
With the exception of some basalt flows at Craters of the
Moon (about 2 to 18 thousand years old) and basalt flows
associated with Cedar Butte (about 420 thousand years
old), there are no significant differences in chemical or
mineralogical composition related to age or geographic
location among basalt flows of the eastern SRP.

2.3.3.3 Fractures

Basalt flows on the eastern Snake River Plain and
underlying the SDA contain abundant horizontal and ver-
tical cooling fractures. Many of these fractures are inter-
connected and provide potential pathways for the move-
ment of water, suspended sediment, and wastes in the
subsurface. In general, the number of and aperture widths
of fractures are much greater near the top and bottom of a
basalt flow and are greatest along the top surface. Knutson
and others (1992) describe a range of typical aperture
widths measured from outcrops at the 1NEEL of from
0.0005 to 0.0025 m; however, aperture widths may range
from several micrometers to several meters (Rightmire
and Lewis, 1987b). Some of the widest, longest, and deep-
est fractures occur along the edges of sinuous lobes of
inflated pahoehoe flows.

Rightmire and Lewis (1987a) describe fractures in
basalt core samples from the SDA that range from those
having fresh surfaces to those containing abundant sedi-
ment infill. Fractures having fresh surfaces most likely are
dead-end fractures that transmit little, if any, water (Wood
and Norrell, 1996; Magnuson and Sondrup, 1998). Frac-
tures containing sediment infill or coatings probably are
interconnected fractures that periodically transmit large
quantities of water. Sediment in these fractures ranges
from clay- to sand-sized and was transported by water and
wind mainly during the deposition of overlying sedimen-
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tary interbeds. Sediment relations indicate multiple epi-
sodes of fracture filling during the geologic past. Post-
depositional fracture filling probably continues as infil-
trating water transports sediment. Sediment coloration
indicates a wide range of minerals and depositional envi-
ronments and includes hues of tan, brown, red, gray,
orange, yellow, and green. Many of the deposits are cal-
careous. Additional fracture coatings consist of amor-
phous silica, precipitates consisting of calcite and mixed-
layer illite/smectite clays, and possibly zeolites (Right-
mire and Lewis, 1987a).

2.a4 Surficial sediment and sedimentary interbeds

The geologic framework of the SDA has been
affected by periodic eruptions of basalt followed by long
periods of basin subsidence and sediment accumulation.
The surficial sediment and sediment from the A-B, B-C,
and C-D interbeds most likely represent deposition from
meltwater discharge and periodic floods along the ances-
tral channel and floodplain of the BLR during past glacial
declines (Hughes, 1993; Rathburn, 1993). The presence
of gravel in the surficial sediment and the aforementioned
interbeds indicates that a watercourse with flow capable
of moving gravel at least occasionally traversed the area
of the SDA during the past few hundred thousand years.
Loess, windblown sediment having grain sizes ranging
from fine silt to very fine sand, is a major part of the surf-
icial sediment and sedimentary interbed A-B and,
although not documented, probably also is present in sed-
imentary interbeds B-C and C-D.

The SDA is located near the southern end of the Big
Lost trough (Gianniny and others, 1997), an area of past
sediment accumulation along the channel and floodplain
of the BLR and between the BLR sinks and Mud Lake
(fig. 1-1). Sediment within this trough generally grades
from a predominance of sand and gravel near the SDA to
mainly clay and silt near Mud Lake. Barraclough and oth-
ers (1976) hypothesized that the SDA was in the flood-
plain of the BLR prior to the Quaking Aspen Butte erup-
tion and deposition of basalt-flow group A about 100
thousand years ago (Kuntz and others, 1994). Similar
migrations of the BLR channel and floodplain, into and
away from the SDA, probably occurred many times dur-
ing the geologic past in response to the eruptions of basalt-
flow groups B through I. During periods of volcanic qui-
escence, sediment accumulated in the topographic depres-
sions of underlying basalt flows. Eolian material derived
from the finer fraction of alluvial deposits probably accu-
mulated in these and other areas, including along the
flanks of volcanoes. Sedimentary units having large

amounts of clay-sized material probably were deposited
in small lakes, some of which were formed by lava dams.
Clay- to sand-sized sediment also was transported by
water and wind into the fractures of underlying basalt
flows. The thicknesses and areal extents of interbeds A-B,
B-C, and C-D suggest that these units, like the surficial
sediment, accumulated for long enough periods of time to
fill and overtop most local topographic depressions. Sed-
iment did not accumulate on some local basalt ridges, and
sediment accumulation of interbed A-B was restricted in
areal extent by the northward-sloping surface of basalt-
flow group B, which erupted from a vent south of the
SDA, near Big Southern Butte (fig. 1-1). These kinds of
gaps in interbeds may provide local pathways for rapid
infiltration of water and wastes through basalt fractures in
the unsaturated zone.

2.3.4.1 Depositional environments

Although the surficial sediment at the SDA contains
a few minor sand-and-gravel lenses it consists predomi-
nantly of clay- and silt-sized material deposited as loess
(Rightmire and Lewis, 1987a, b). Two periods of loess
accumulation in this surficial sediment have been identi-
fied: one from about 80 to 60 thousand years ago, and one
from about 40 to 10 thousand years ago (Forman and oth-
ers, 1993). Two different interpretations have been made
regarding the depositional environment of sedimentary
interbed A-B. According to McElroy and others (1989),
the primary source of this sediment is the accumulation of
loess. According to Hughes (1993), the sediment of inter-
bed A-B consists mainly of very fine sand and silt and rep-
resents deposition in a floodplain environment. At least
one period of loess accumulation in interbed A-B has been
identified (Forman and others, 1993); the age of this loess
is not precisely known, but it probably accumulated from
about 150 to 140 thousand years ago. The sediment of
interbed B-C consists mainly of sand and gravel that is
interpreted to have been deposited in a braidplain setting
in channel systems as wide as 300 m between topographic
highs in the basalt (Hughes, 1993). The sediment of inter-
bed C-D consists mainly of sand and silt that is interpreted
to have been deposited in low-energy channels and flood-
plains (Hughes, 1993). The continuous nature of this
interbed indicates deposition in a broad, shallow braid-
plain setting that aggraded to above most of the topo-
graphic highs in the basalt (Hughes, 1993). Although cur-
rent (1999) interpretations of depositional environments
are useful for evaluating overall sediment relations, they
are still too generalized to be useful for evaluating the
potential for movement of water and wastes.
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2.3.42 Lithologic variations

Significant lithologic variations occur within the
surficial sediment and sedimentary interbeds A-B, B-C,
and C-D owing to differences in depositional environ-
ments through time (Rightmire and Lewis, 1987a, b;
Hughes, 1993). The lithology of interbed F-G and other
deep interbeds has not been characterized. Fine-scale
(centimeter) vertical and horizontal lithologic variations
within the surficial sediment and sedimentary interbeds
A-B, B-C, and C-D beneath the SDA generally are poorly
defined. This is because too few sediment cores have been
described in sufficient detail to quantify these variations.
The most detailed descriptions of vertical lithologic vari-
ations were reported by Rightmire and Lewis (1987a) for
coreholes 76-1, 76-2, 76-3, 76-4, 76-4A, 76-5, 76-6, and
77-2 (fig. 2-2). Samples from these coreholes include
many thin, discrete layers or lenses of plastic clay, espe-
cially within the C-D interbed. The most detailed descrip-
tions of horizontal lithologic variations were reported by
Hughes (1993), but these descriptions are somewhat gen-
eralized. Both Rightmire and Lewis (1987a) and Hughes
(1993) examined the sedimentary materials from core-
holes 76-1, 76-2, 76-3, 76-4, 76-4A, 76-5, and 76-6, but
there are many discrepancies between lithologic descrip-
tions in these independent studies. For example, Right-
mire and Lewis (1987a) described abundant plastic clay in
the lower part of the C-D interbed from corehole 76-5,
whereas Hughes (1993) described this same interval as
sandy silt and slightly silty, fine to coarse sand. These dis-
crepancies and the paucity of detailed descriptions of sed-
iment cores make it difficult to quantify the role of these
sedimentary materials in unsaturated-zone processes.

2.3.42 Physical characteristics and mineralogy

Other factors, such as sedimentary structures, grain-
size distributions, bulk mineralogy, clay mineralogy, and
ion exchange capacity may retard or enhance the move-
ment of wastes through the surficial sediment and sedi-
mentary interbeds A-B, B-C, and C-D. However, like
lithology, these features have not been characterized in a
systematic and comprehensive way across the SDA. Sed-
imentary structures include paleosols, cracks formed by
hydrocompaction and dessication, freeze-thaw features,
burrow and rootlet holes, caliche development, horizontal
laminations, ripple cross-stratification, planar cross-strat-
ification, lenticular bedding, flaser bedding, rip-up clasts,
load casts, and varves (Rightmire and Lewis, 1987b;
Hughes, 1993). Many sedimentary materials are dark red-
dish-brown which may result from dehydration and oxi-
dation of iron-rich minerals by heat from the overlying
lava flows. This coloration also may result from oxidation

of the ferrous iron to ferric iron in a historical oxygenated
soil atmosphere where ferrous iron is released during the
weathering of olivine and augite (Rightmire and Lewis,
1987b). Grain-size distributions, determined on the basis
of sieve analyses of at least 236 samples from the surficial
sediment and sedimentary interbeds A-B, B-C, and C-D,
range from clay to pebble sized (Barraclough and others,
1976; Rightmire and Lewis, 1987b; Hughes, 1993). The
median size of the grains in 46 samples analyzed by Bar-
raclough and others (1976) was 0.066 mm, but the grain
size probably was somewhat biased because of difficulty
in recovering coarse sand and gravel lenses from inter-
beds while drilling. Fracture- and vesicle-infill sediments
generally are finer grained than interbed sediments. This
is expected because infiltrating water preferentially
deposits finer grained particles in the vesicles and frac-
tures (Rightmire, 1984).

Analyses of bulk mineralogy of sediments show the
presence of quartz, plagioclase feldspar, potassium feld-
spar, pyroxene, olivine, calcite, and total clay minerals.
Bartholomay (1990c, table 3, p. 11) statistically summa-
rized the previously published bulk mineralogy data by
interbed depth. Additional data on two cores from the
SDA were published in a report by Reed and Bartholomay
(1994). In general, quartz and plagioclase feldspar are the
most abundant minerals in the sediment. Pyroxene and
total clay minerals also are present in most of the sediment
samples from the SDA. Abundance of clay minerals in
interbed samples from the SDA ranges from 0 to 60 per-
cent and averages about 20 percent (Bartholomay,
1990b). Olivine is present in some samples in trace
amounts. Calcite also was identified in some samples. The
calcite generally is attributed to the formation of caliche
in the interbeds (Rightmire and Lewis, 1987b). Rightmire
and Lewis (1987b, p. 35-36) reported trace amounts of
iron oxyhydroxides, hematite, siderite, and dolomite in
some samples. C.T. Rightmire and B.D. Lewis (USGS,
written commun., 1995) reported one tentative identifica-
tion of the zeolite mineral chabazite. This lack of zeolite
in the system probably precludes zeolite exchange with
radionuclides in solution as a major factor in preventing
the migration of radionuclides to the aquifer.

Analyses of the clay minerals indicate that illite is
predominate (ranging from 10-100 percent of the clay
minerals identified), and that lesser amounts of smectite,
mixed-layer illite/smectite, kaolinite, and possibly chlo-
rite are present. Illite generally is considered detrital; but
fluctuations in the amounts of smectite and mixed-layer
clays, the presence of altered potassium feldspars, and the
possibility of thermal alteration, suggest that some illite
and also smectite is forming (Rightmire and Lewis,
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1987b). The water chemistry also is favorable for the pre-
cipitation of these minerals. The clay minerals that are
present in the system provide sites for sorption and/or ion
exchange with any water containing radionuclides mov-
ing in the system. These processes would prevent migra-
tion of radionuclides to the aquifer. Conditions that need
to be present to prevent sorption or exchange of radionu-
clides with clay minerals will be discussed in more detail
in chapters 4 and 5.

2.3.4.4 Pedogenesis

Weakly-developed to well-developed paleosols have
been identified in the surficial sediment and sedimentary
interbed A-B and, although not documented, probably
also occur in interbeds B-C and C-D. Forman and others
(1993) identified paleosols associated with young loess
units in two excavations at the SDA; one of these paleo-
sols is thought to represent a prolonged period of pedo-
genesis, possibly exceeding 20 thousand years. These
units contain A, B, and C soil horizons, carbonized zones,
and abundant clay cutans having a maximum clay concen-
tration of from 24 to 36 percent. Carbonized zones repre-
sent vegetation that was inundated and baked by lava
flows during the geologic past. The distribution and char-
acteristics of these zones have not been described on the
basis of sediment cores from the SDA. Carbonate content
of these paleosols generally is smaller than 10 percent but
is as large as about 20 to 25 percent in some zones. Min-
eralogical analyses of the sediments indicate that most of
the carbonate in the system is in the form of calcite, but
some dolomite also was identified (Bartholomay and oth-
ers, 1989). Mineralogical analyses of core samples of the
surficial sediment and sedimentary interbeds A-B, B-C,
and C-D reported by Barraclough and others (1976) show
carbonate in the form of calcite. Calcite contents range
from absent for most of the samples to 54 percent for oth-
ers. Calcite content larger than 10 percent was reported for
interbed C-D in wells USGS 88, 89, 90, and 96; for surfi-
cial sediment in wells USGS 92 and 95; and from a vesicle
at about 9 m in well USGS 9 (figs. 2-2 and 2-3). Subse-
quent analyses by Rightmire and Lewis (1987b) showed
carbonate contents as large as about 12 percent in interbed
B-C, as large as about 29 percent in interbed C-D in well
USGS 93A, and as large as about 2 percent in interbeds
B-C and C-D in well USGS 96B (Rightmire, 1984). The
largest carbonate content in interbed B-C in well USGS
93A is at the base of the interbed.

2.3.4.5 Thickness and areal extent

Elevations of the tops and thicknesses of the surficial
sediment and at least 10 sedimentary interbeds in 94 wells

at and near the SDA were described by Anderson and
Lewis (1989), Anderson and others (1996), and Magnu-
son and Sondrup (1998). Of these sedimentary units, only
the surficial sediment and sedimentary interbeds A-B,
B-C, C-D, and F-G are substantially thick and areally
extensive. Surficial sediment is present in all 94 wells, has
a top elevation that ranges from 1,514 to 1,544 m above
sea level, and is up to 8 m thick. Sedimentary interbed
A-B is present in 44 wells, has a top elevation that ranges
from 1,511 to 1,528 m above sea level, and ranges in
thickness from 0 to 6 m. Sedimentary interbed B-C is
present in 91 wells, has a top elevation that ranges from
1,474 to 1,504 m above sea level, and ranges in thickness
from 0 to 10 m. Interbed C-D is present in 76 wells, has a
top elevation that ranges from 1,443 to 1,469 m above sea
level, and ranges in thickness from 0 to 11 m. Sedimentary
interbed F-G is near the base of the unsaturated zone and
is about 90 m deeper than interbed C-D. Interbed F-G is
present in 12 of 15 deep wells near the SDA, has a top ele-
vation that ranges from 1,347 to 1,373 m above sea level,
and ranges in thickness from 0 to 6 m. The surficial sedi-
ment and all sedimentary interbeds contain known gaps
that are related to the irregular surfaces of underlying
basalt flows. Interbeds B-C and C-D have the fewest
known gaps and dip gently southeastward across the
SDA. Surface reliefs of interbeds B-C and C-D, between
well NA-89-1, near spreading area A located approxi-
mately 1.5 km west of the SDA (fig. 1-1), and well USGS
90, near the eastern side of the SDA, are 8 and 18 m,
respectively. Perched ground water in wells at the SDA is
present above and within interbeds A-B, B-C, and C-D
(Rightmire and Lewis, 1987b; Magnuson and Sondrup,
1998) and may be related partly to the lateral movement
of infiltrating water from the spreading areas to the SDA
(Rightmire and Lewis, 1987b).

2.3.4.6 Hydraulic conductivity

Hydraulic conductivity, an indirect measure of sedi-
ment lithology, varies more than four orders of magnitude
in the surficial sediment, more than three orders of
magnitude in interbed A-B, more than six orders of mag-
nitude in interbed B-C, and more than seven orders of
magnitude in interbed C-D (Barraclough and others,
1976; McCarthy and McElroy, 1995). Barraclough and
others (1976, p. 50) reported a range of vertical hydraulic
conductivity for these sedimentary units in 10 wells,
USGS 87, 88, 89, 90, 91, 92, 93, 94, 95, and 96 (figs. 2-2
and 2-3), of from 1.6x10-7 to 3.0 m/d. The smallest verti-
cal hydraulic conductivity reported for interbed C-D in
each of these wells ranges from 8.0x le m/d in well
USGS 88 to 2.6x10-1 m/d in well USGS 91. The largest
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vertical hydraulic conductivity reported for interbed C-D
in each of these wells ranges from 6.1x 10-5 m/d in well
USGS 89 to 9.3x10-1 m/d in well USGS 95. The largest
range of vertical hydraulic conductivity reported for inter-
bed C-D was for well USGS 88, 8.0x10-7 to 1.3x10-1 m/d
(Barraclough and others, 1976). These ranges of hydraulic
conductivity probably reflect centimeter-scale changes in
lithology, from clay- to gravel-sized clasts, within the
surficial sediment and sedimentary interbeds A-B, B-C,
and C-D.

2.a5 Hydrologic pathways

Sedimentary interbeds at the SDA are characterized
by abrupt changes in thickness related to the topography
of underlying basalt flows (Anderson and Lewis, 1989).
Most of these flows are pahoehoe flows, which commonly
contain inflation and deflation features, including ridges
and closed depressions, and vary in relief a few meters
within distances of a few tens of meters. Anderson and
Lewis (1989, p. 38 and 47) described one such structure
on the top of basalt-flow group C in the western part of the
SDA, where the thickness of sedimentary interbed B-C
changes abruptly from zero on a basalt ridge to more than
6 m in an adjacent depression. Rightmire and Lewis
(1987a) suggested, on the basis of carbonate encapsulat-
ing clay pellets covered with desiccation cracks present in
interbed B-C, that sediment and water collected in a topo-
graphic depression at the present-day location of wells
76-4 and 76-4A during the deposition of interbed B-C.
Infiltrating water may migrate towards such depressions
at some sediment-basalt interfaces, possibly resulting in
areas of localized perched water and/or preferential flow.
Some basalt ridges, such as those on the top of basalt-flow
group C in the western part of the SDA, that are penetrated
by wells 76-1, 76-2, and 78-3 (Anderson and Lewis, 1989,
p. 38 and 47), also may be areas of preferential flow. This
is because these ridges were not covered by sediment and
probably are inflated lobes of pahoehoe basalt cut by large
cooling fractures.

Vertical water movement through the basalt-sedi-
mentary sequence is largely controlled by the hydraulic
conductivity of fractures in the basalt flows and by the
smaller hydraulic conductivity of some of the finer sedi-
ments in the interbeds. An additional and even greater
constraint occurs at the base of each sedimentary layer, at
the sediment-basalt interface. "This is caused by the dis-
continuity of pore spaces from the sediment to the basalt,
due both to the lower porosity of the basalt and to the rel-
atively great distances between its fractures. In other
words, at the interface, perhaps only 10 percent of the

basalt surface is composed of permeable openings, and
these are partially filled by sediment. The other 90 percent
is virtually impermeable. This, in effect, provides a thin
skin that is estimated to have one-tenth or less of the per-
meability, of the sediments alone" (Barraclough and oth-
ers, 1976).

Horizontal water movement through the basalt-sedi-
ment sequence is largely controlled by the large hydraulic
conductivity associated with basalt fractures, rubble, and
scoria, a term synonymous with cinders. In the saturated
zone, these features provide the main conduits for ground-
water flow. In the unsaturated zone, fractures, rubble, and
scoria have the potential to channel perched water over
large distances within short periods of time. Estimates of
ratios of horizontal to vertical basalt permeabilities at the
INEEL range from about 3:1 to 300:1 (Barraclough and
others, 1976; Magnuson, 1995; Magnuson and Sondrup,
1998).

The presence, absence, or transient nature of perched
water in wells at the SDA may be the result of several geo-
logic factors. Cecil and others (1991) suggested four pos-
sible mechanisms to explain zones of perched water.
These include: (1) contrasts in vertical hydraulic conduc-
tivity between basalt flows and sedimentary interbeds, (2)
decreased hydraulic conductivity in interflow baked
zones, (3) decreased vertical hydraulic conductivity in
dense, unfractured basalt, and (4) decreased vertical
hydraulic conductivity from sedimentary and chemical
filling of fractures in basalt. Cecil and others (1991, p. 23)
demonstrated that perching can take place within sedi-
mentary interbeds and basalt flows.

The recurring presence of a ground-water mound
beneath the spreading areas indicates that most of the
water from this source moves vertically to the water table
(Rightmire and Lewis, 1987b). However, the lateral con-
tinuity of some of the interbeds, particularly the C-D inter-
bed, suggests that water recharged from the spreading
areas also could move to the east the approximately
1.5 km necessary for it to be present in the unsaturated
zone beneath the western edge of the SDA. Rightmire and
Lewis (1987b) reported the presence of water coinciding
with the A-B, B-C, and C-D interbeds on the northwest
side of the SDA, and it is conceivable that this water
moved laterally from the spreading areas in a stepwise
depth progression from the shallowest to deepest inter-
beds. If so, there is possibly significant lateral movement
of water from beneath the spreading areas. Thus, it is pos-
sible that the perched water beneath the SDA is derived
largely from the spreading areas and (or) the BLR and
receives only a minor contribution of moisture from ver-
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tical water movement derived from atmospheric precipi-
tation.

Basalt fractures, rubble, and scoria are present in the
subsurface at the SDA, but their locations and orientations
are poorly known. Simple cooling fractures likely are
present in all basalt flows, but large fractures, such as
those along the edges of inflated pahoehoe flows, proba-
bly are very localized. These fractures, which can be as
much as a few meters wide and tens of meters long, are
oriented in the direction that each lobe of pahoehoe lava
traveled during its emplacement, inflation, and cooling.
These directions are only approximately known for
basalt-flow groups A and B. Basalt rubble in some wells
has been described but has not been systematically char-
acterized. Magnuson and Sondrup (1998) described a rub-
ble zone across the SDA at a depth of about 60 m that
could affect the distribution of carbon tetrachloride. The
potential for scoria, a near-vent deposit, is greatest in
basalt-flow group C. This is because its vent is thought to
be in the subsurface near the SDA (Anderson and Lisze-
wski, 1997, p. 10). Rightmire and Lewis (1987a, p. 64)
reported the presence of grout cement in well 76-3, which
likely was carried by water through a cinder (scoria) zone
beneath interbed B-C from well USGS 93 to well 76-3, a
distance of 168 m. Basalt fractures, rubble, and scoria
probably affect the potential for perched water in complex
ways.

2.4 Hydrologic framework

2.4.1 Meteorology

The INEEL receives an average of about 22 cm of
precipitation each year. On average, May and June are the
wettest months and July is the driest month (Robertson
and others, 1974, p. 8). Normal annual snowfall is about
66 cm and accounts for about 30 percent of the annual pre-
cipitation.

2.42 Surface water and local runoff

2.42.1 Areal infiltration

Areal recharge on the eastern SRP from rainfall and
snowmelt infiltration generally is considered to be small.
Cecil and others (1992, p. 709) calculated net areal infil-
tration rates at the SDA to range from 0.36 to 1.10 cm/yr,
or 2 to 5 percent of the long-term annual precipitation.
However, topographic features locally may focus areal
recharge in lower areas. The SDA is located in a topo-
graphic depression. Barraclough and others (1976, p. 8)

reported that the SDA has been flooded at least twice
(1962 and 1969) by local runoff from rapid spring thaws.
Heavy rainfall and melting snow within the SDA have
also introduced water into trenches and pits.

Areal recharge may be affected by changes in soil
properties introduced by construction of waste trenches in
surficial sediments at the SDA. Shakofsky (1995, p. 24)
determined that the hydraulic conductivity of disturbed
soils overlying trenches in the vicinity of the SDA and
corresponding recharge from areal precipitation, gener-
ally are larger than the hydraulic conductivity of and
recharge through nearby undisturbed soils.

2.4.2.2 Stream infiltration

It has long been recognized that the BLR is an impor-
tant component of the hydrologic system that controls the
fate and transport of waste constituents in the subsurface
at the INEEL. Robertson (1974, p. 26) noted that recharge
from the BLR is the "biggest hydrologic variable" in
determining the future behavior of waste constituents in
the aquifer.

Since 1965, a large proportion of flow in the BLR has
been diverted to the INEEL spreading areas for flood con-
trol. During 1982-85, approximately two-thirds of the
flow that entered the INEEL was diverted to the spreading
areas (Pittman and others, 1988, p. 18). Rapid infiltration
of these diverted flows locally affects water levels in the
SRP aquifer. Pittman and others (1988, p. 18) observed
that the water table in the vicinity of the SDA rose as
much as 4.9 m during 1982-85 in response to recharge
from surface water diverted to the spreading areas.

Some evidence exists that rapid infiltration also may
produce significant lateral flow in the unsaturated zone.
Barraclough and others (1976, p. 51) noted the presence
of perched water in several boreholes within the SDA.
They observed that an extensive zone of saturated to
nearly saturated basalt existed beneath the burial ground.
The source of water was not known, but they believed that
thin perched-water zones could represent long-term local
accumulation of percolating precipitation or more rapid
recharge from the 1969 flood at the SDA. They suggested
that isotopic analyses might reveal the source and history
of the perched water.

Rightmire and Lewis (1987, p. 83) noted that an
anomalously light isotopic content in water samples from
perched water samples at the SDA may be attributed to a
water source at an altitude higher than the surface of the
SRP. They stated (1987, p. 1) that "...stable isotope and
chemical data suggest that the perched water observed
beneath the SDA is not due to vertical infiltration through
the ground surface at the SDA, but is due to lateral flow of
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water that infiltrated through the diversion ponds." They
hypothesized at that time that water accumulates as a
perched mound on a thick, continuous sedimentary inter-
bed at a depth of 73 m and then moves laterally to the SDA
1.5 km to the northeast.

Rightmire (1984, p. 32) observed that "...sedimentary
lining and filling of fractures is the result of water-borne
sedimentation. Layers of oriented clay particles overlain
by disoriented coarser material suggest a series of minor
recharge events followed by a major recharge event to fill
the fractures." Rightmire also noted that the presence of
cement grout in fractures penetrated in a test hole demon-
strates that open fractures occur at depths of at least 54 m.
These fractures would permit transport of sediments and
fluids through the unsaturated zone.

Anderson and Lewis (1989, p. 20) noted that basalt
flows contain numerous fractures that may provide unre-
stricted avenues for vertical and horizontal flow of con-
taminated water. They suggested that sediment layers
may control vertical flow depending on grain size and
sorting characteristics. They noted that lateral flow and
perching of water may take place along some clay and silt
layers, and that discontinuous layers may divert flow
toward underlying or adjacent basalt flows. They also
stated that the potential for lateral flow away from the
SDA along the east-sloping surface of the C-D interbed is
large. Anderson and Lewis stated that additional evalua-
tion of rock and sediment characteristics, including the
distribution and characterization of flow contacts, frac-
tures, and vesicles, and the lithology of major sedimentary
interbeds, is needed to determine the potential for contam-
inant migration to the Snake River Plain aquifer.

2.43 Unsaturated-zone flow

The unsaturated zone is defined as the portion of the
subsurface between the land surface and the lowest water
table. The 200 m thick unsaturated zone at the SDA
includes both saturated conditions (where perching
occurs; discussed in section 2.4.3.2) and unsaturated con-
ditions.

2.43.1 Flow in a homogeneous medium

For water driven by gravity and pressure gradients
when the medium is saturated, as from ponded infiltration
or perching, Darcy's law can quantify the flow as:

q = —Ksai[V w + pg] (2.1)

where:
q = flux density, in volume rate of flow per unit area;

Ks, = saturated hydraulic conductivity, in length per time;
w = water pressure in length;
p = density of water, in mass per volume; and
g = gravitational acceleration, in length per time squared.

For simplicity, this equation frequently is applied
with pg, the weight of water per unit volume, set equal to
dimensionless unity. Then w has dimensions of length
(m), and K of length per time (m/s).

If the medium is unsaturated and the flow is diffuse,
an unsaturated form of Darcy's law can quantify the flow
at a point in space and time.

In one-dimension:

q = —K(0)[6-12 + pg] (2.2)

where:
0 = water content, in volume of water per total volume;
z = vertical distance, in length;
K = hydraulic conductivity, in length per time.

K depends strongly and nonlinearly on 0. The matric
pressure (w) is of particular interest because it often deter-
mines the chief transport processes in an unsaturated
medium. It arises from the interaction of water with a rigid
matrix. Matric pressure, defined very precisely by Bolt
and others (1976), may be thought of as the pressure of the
water in a pore of the medium relative to the pressure of
the air. When a medium is unsaturated, the water gener-
ally is at lower pressure than the air, so the matric pressure
is negative. Darcy's law applies directly in field situations
where flow is steady, though steadiness in actuality is
often temporary or approximate. In steady conditions
equation 2.2 with a single K(0) function can describe the
flow within any homogeneous portion of the medium.

When unsaturated flow is transient (nonsteady), as it
generally is, the flow itself causes the water content to
change throughout the medium, which leads to continu-
ously changing hydraulic conductivity and driving forces.
These effects can be accommodated mathematically by
combining the equation of continuity with Darcy's law
(2.2) to get Richards' (1931) equation, which for one-
dimensional vertical flow can be written:

C(w)alif = ° (1411-) +
aK

at az az (2.3)

where:
C = differential water capacity, a property of the medium
defined as dO/dxii.

With certain implicit assumptions, such as homoge-
neity of the medium, Richards' equation keeps track of the
whole dynamic, unsteady flow process. In practice, most
mathematical models of unsaturated flow assume equa-
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tion 2.3 applies, whether appropriately or not. The equa-
tion is nonlinear and can be solved numerically in the gen-
eral case (Lappala and others, 1987; Healy, 1990) or
analytically (Salvucci, 1996) with simplifying assump-
tions that may be suitable in some, but perhaps not most,
applications.

2.432 Flow and perching in stratified unsaturated zones

Contacts between layers that contrast in hydraulic
properties commonly impede vertical flow. Such impedi-
ments occur most obviously when water moves down
from a coarse to a fine layer, as from coarse sand to silt. If
both layers are near saturation, the fine layer has smaller
hydraulic conductivity; therefore, flow slows when it
reaches the fine layer. If the coarse layer is nearly satu-
rated but the fine layer is initially fairly dry, it is possible
for flow to be initially dominated by the sorptive nature of
the fine medium, which tends to suck water out of the
coarse material. In the latter case flow is not impeded by
the fine layer until more uniformly saturated conditions
occur.

Where a fine layer overlies a coarse layer, water mov-
ing downward is impeded under many conditions. When
coarse material is dry, it has an extremely small hydraulic
conductivity; thus it tends not to admit water into the
pores and exhibits a somewhat self-perpetuating resis-
tance to flow. Water breaks into the coarse layer if the
pressure at the layer interface builds to the point that the
water-entry pressure (the minimum water pressure needed
to fill an empty pore) of some of the large pores is
exceeded. This can generate instabilities, as discussed in
section 2.4.3.3. Stable or not, water flowing into the pores
of the coarse medium increases its hydraulic conductivity
drastically. Then the wetter coarse medium will conduct
more easily, and will progress toward steady-state flow.
The effective hydraulic conductivities of the two layers
will then be essentially equal. In the approach to steady
flow, the water content in each layer adjusts to accommo-
date this equalizing of conductivities. The water content
of the coarse medium, however, does not increase enough
to make the effective hydraulic conductivity as large as it
would be for a single-layered system composed of fine
material only. Thus, typical flow through layers where
fine overlies coarse is slower than it would be if both lay-
ers had the properties of the fine medium. Miller and
Gardner (1962) demonstrated this effect experimentally.

A thin layer of small hydraulic conductivity can limit
downward flow to the point of being the dominant influ-
ence on flow through the sequence. Stothoff (1997) con-
sidered a granular medium above a fractured bedrock
(similar to much of the 1NEEL unsaturated zone). The

bedrock admits water only under nearly saturated condi-
tions. Stothoff's interpretation assumes the fractures are
of greater-than-microscopic width and the rock is other-
wise impermeable. The thickness of the granular layer
strongly influences the fraction of average precipitation
that flows into the bedrock (and presumably further, to the
aquifer); thus, a thin alluvial layer more easily becomes
saturated to the layer interface and hence more frequently
permits deep percolation.

Perching, an accumulation of water in a region of the
unsaturated zone such that it becomes locally saturated
even though there is unsaturated material below, is not
unusual in the unsaturated zone at the INEEL. The artifi-
cial infiltration of wastewater has created perched zones
that have persisted for several years (Orr, USGS written
commun., 1999). Perching usually results from a large
flux of water that encounters a severely impeding layer. It
may be a temporary or permanent feature, depending on
the nature of the medium, the prevailing hydrologic con-
ditions, and the effect of artificial modifications. Perching
complicates a contamination problem in several ways.
The high water content of a perched zone causes greater
hydraulic conductivity and potentially faster transport
through the three-dimensional system. The main effect is
not a direct increase in vertical flux because the increase
in effective vertical hydraulic conductivity is offset by a
diminished vertical hydraulic gradient within the perched
water. (Vertical flux within and below the perched water
cannot be faster than the vertical flux above the perched
water or the perched water would have drained). Horizon-
tally, however, there may be greatly increased flow. This
enhanced horizontal flow may in turn bring much water to
points where the vertical conductivity is locally large (for
example, where there is a vertical fracture), or to where
perching occurs at a sloping interface along which the
enhanced flow has a substantial vertical component.
Perched zones commonly are large in horizontal extent, so
these effects related to horizontal flow can become more
important than vertical flow for contaminant transport.
New and different processes may significantly affect con-
taminant transport in a perched zone. Reduced aeration,
for example, may affect biochemical processes. At the
scale of the entire stratified unsaturated zone, perching
may significantly increase anisotropy.

2.43.3 Preferential flow

In an unsaturated medium, flowpaths that permit
faster transport than other paths are common. Flow
through these preferential paths is called preferential
flow. Such a path may be a single pore, a connected series
of pores, or a group of adjacent pores acting in parallel. A
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path may be preferential because of either the permanent
character (for instance pore size) or the present state (for
instance water content) of its pores. The path may be a sin-
gle pore, a connected series of pores, or a group of adja-
cent pores acting in parallel.

Preferential flow, although difficult to observe or
sample, can convectively transport contaminants to the
aquifer far sooner than might be predicted on the basis of
ordinary analysis of bulk medium properties and Rich-
ards' equation (2.3). Additionally, if the flow is entirely or
primarily through preferential paths, the interaction of
contaminants with solid material is effectively limited to
a fraction of the subsurface medium. This limits adsorp-
tion and other attenuating processes. Thus, preferential
flow decreases both the time and the space available for
contaminant attenuation, chemical or radioactive decay.

Various mechanisms cause preferential flow (Steen-
huis and others, 1995; Or, 1996). Three kinds of preferen-
tial flow and the contributing mechanisms are: (1)
macropore (or short-circuiting) flow, caused by flow-
enhancing features of the medium, (2) funneled (or
deflected or focused) flow, caused by flow-impeding fea-
tures of the medium, and (3) unstable (or fingered) flow,
caused by flow-enhancing conditions of parts of the
medium at the time of interest. This categorization is sim-
ilar to several others in widespread use and includes,
directly or indirectly, essentially every known process
that might be considered preferential-flow phenomenon.
As for other subjects for which theory is in the early stages
of development, the terminology classifying preferential
flow often is imprecise or ambiguous. For example,
focused flow might refer to funneled flow or to flow in
certain types of macropores. Sometimes distinctions
between flow types blur. Often several mechanisms are
acting within the same medium.

2.4.3.3.1 Macropore flow—heterogeneity of the porous
medium

Macropores, which are distinguishable from other
pores by their larger size, greater continuity, or other
attributes, conduct preferential flow under some condi-
tions (Luxmoore, 1981), such as extreme wetness. Com-
mon macropores include wormholes, rootholes, and frac-
tures. These may be visible by eye, or difficult to detect
without special techniques. Where macropore flow
occurs, flow through the remainder of the medium may be
called matrix flow. Macropore flow may be interpreted to
include preferential flow arising not only from individual
large pores but also from the areal heterogeneity of bulk
properties. Hydraulic conductivity, wetability, and other
flow-affecting properties generally vary from place to

place, so that flow rates are greater in some locations than
others.

The speed and behavior of macropore flow vary.
When macropores are filled, flow is generally fast. When
macropores are empty, they constitute a barrier to matrix
flow and there may be essentially no flow through the
macropores themselves (Montazer and Wilson, 1984). In
some conditions, however, there may be significant film
flow along fracture walls (Tokunaga and Wan, 1997). In
macropores that are partly filled, there are many possibil-
ities for the configuration and flow behavior of water (Su
and others, 1999; Nicholl and others, 1994; Pruess, 1998;
Nitao and Buschek, 1991; Persoff and Pruess, 1995).
These possibilities and their effect on water and contami-
nant transport are not yet well understood. Recent
research of Faybishenko (1999) suggests that there may
be chaotic fluctuations in this type of flow, which in turn
suggests the possibility of new mathematical treatments.

2.4.3.3.2 Funneled flow—heterogeneity of the porous medium

Layers or lenses of material that, to some degree,
impede vertical flow because of textural contrasts or other
reasons can cause horizontal flow. Often such layers are
tilted so that gravity causes flow to move in a particular
lateral direction. Whether or not tilting is a factor, both the
lateral flow and the vertical flow that moves through or
around the impeding feature normally follow preferential
paths.

Several studies have investigated the effects of these
impeding features in generating preferential flow. Some
of the first rigorous research was by Kung (1990a, 1990b).
In field experiments at a site with sandy soil, Kung found
that the flow became more preferential with depth. At
about 6-m depth, the flow was moving through less than 1
percent of the whole soil matrix. Although this medium
had no significant observable macropores, preferential
flowpaths were shown to be the dominant flow pattern.
The main feature causing this preferential flow was "...an
interbedded soil structure with textural discontinuities and
inclined bedding planes." Striegl and others (1996)
hypothesized that funneled flow could have transported
tritium and carbon-14 contaminants over large horizontal
distances in the unsaturated zone at a waste-disposal site
near Beatty, Nevada. Considering the work of Kung and
other researchers, Pruess (1998) noted that because fun-
neling can produce very rapid flow and results from hori-
zontal impediments "...we have the remarkable situation
that unsaturated seepage can actually proceed faster in a
medium with lower average permeability."
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2.4.3.3.3 Unstable flow—heterogeneities in the condition of
the medium

An unstable variation in flow and water content can
increase hydraulic conductivity in some parts of the
medium even if the fundamental hydraulic properties of
the medium are uniform. Usually, texturally contrasting
layers contribute to this unstable flow. The classic case is
a layer of fine material above coarse material. In this case
infiltrating water does not immediately cross the interface
into the coarse material. When water pressure builds up
significantly at the interface, water may break through
into the coarse medium at only a few points, as discussed
in section 2.4.3.2. The material near individual points of
breakthrough becomes wetter and hence much more con-
ductive. For some time thereafter, additional flow into the
coarse material moves in the few "fingers" that are
already wet. Between fingers, the medium remains rela-
tively dry for some time. In addition to textural contrasts,
hydrophobicity or water repellency of the medium may
contribute to unstable flow (Dekker and Ritsema, 1994;
Ritsema and Dekker, 1994; de Rooij, 1995; Ritsema and
others, 1998). Unstable flow may also be associated with
air trapping (Wang and others, 1998a). Several research-
ers (Glass and others, 1988; Baker and Hillel, 1990; Yao
and Hendrickx, 1996) have explored the general types of
behavior expected in unstable flow.

Preferential flowpaths may be interrupted by layer
boundaries. Numerical experiments by Russo and others
(1998) suggest that the spatial variability of soil properties
and the temporal variability of infiltration and redistribu-
tion both may act to homogenize transport phenomena.
Shakofsky and Nimmo (1996) found that flow through
undisturbed surficial soil at the INEEL appeared to be fast
and highly preferential near the land surface, but was dras-
tically slowed at about a 2-m depth, apparently because of
a layer at this depth that differed in hydraulic properties.
In nearby soil that had been disturbed and homogenized
much like the soil at the SDA landfill, the flow was less
preferential and there was no evidence of sudden slowing
at a particular depth. It is possible for processes to be oper-
ative that homogenize preferential flow. How common
these processes are, however, is currently a matter of
speculation among unsaturated-zone hydrologists.

2.43.4 Quantitative treatment of preferential flow

2.4.3.4.1 Effective properties

A widely used approach to mathematical modeling
when some or all of the flow is preferential is to assume
that the effective hydraulic properties of a large volume of
the medium are equivalent to the average properties of a

homogeneous granular porous medium. The effective
hydraulic properties then can be applied directly in
numerical simulators developed for diffuse flow in gran-
ular media based on Darcy' s law and Richards' equation.
This technique is often called the "equivalent-porous-
medium" approach. In this report it is called the "equiva-
lent-granular-medium" approach to prevent confusion
with the fact that the basalts at the INEEL intrinsically are
porous media themselves.

The equivalent-granular-medium approach is valid
only if certain conditions are met. For example, the por-
tion of the unsaturated zone under consideration must be
divisible into finite volumes within each of which the net
flow, including all preferential flow, is representative of
the medium as a whole. Volumes taken too small will
invalidate the approach because they have different
amounts of preferential flow within them and therefore
are not representative of the whole medium. On the other
hand, if these finite volumes are so large that only a small
fraction of the assumed volume is participating in the
flow, the actual transport velocities can be much greater
than the modeled velocities. In practice, an adjustment of
the "effective porosity" of the equivalent granular
medium is commonly done to compensate for such
effects, though this adjustment will not produce accurate
predictions if, as expected, the degree of preferential flow
depends strongly on the degree of saturation. Bear (1978,
p. 28-31) gives a detailed explanation of volume and
homogeneity considerations for continuum approaches in
general. Pruess (1998) describes in detail some of the pos-
sible large-scale transport-accelerating mechanisms asso-
ciated with preferential flow. In many applications, the
equivalent-granular-medium approach is the only one that
is practical and has a significant history of prior use. Other
approaches may be less subject to fundamental limitations
but are not sufficiently developed or tested to make pre-
dictions with a high level of confidence.

The main advantage of the equivalent-granular-
medium approach is that many existing theories, models,
and familiar techniques can be immediately applied. A
recent example is that of Reitsma and Kueper (1994), who
found that the Brooks-Corey model (Brooks and Corey,
1996) of soil water retention, which was formulated to
apply to ordinary soil materials, well represented mea-
sured retention properties of a rough-walled rock fracture.
The equivalent-granular-medium approach has additional
drawbacks, mostly because the flow theory and models
involved were developed for wet, homogeneous granular,
porous media. Preferential flow may be too irregular to be
described accurately by a model in which averaged values
of hydraulic properties have been applied. For example
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Ma and Selim (1996) noted that averaging the flow rate
and using the average to quantify solute transport is not an
adequate method; using the actual distribution of flow
rates is more suitable. The equivalent-granular-medium
approach also is inadequate wherever it is essential to
have knowledge of the specific flowpaths that may act as
conduits for most of the contaminant transport.

2.4.3.4.2 Dual-modality and multi-modality

A family of approaches that rely on a conceptual par-
titioning of water or pore space into portions with differ-
ent flow rates and behaviors and given names such as
"dual-porosity" and "dual-modality", may represent more
realistically flow that includes preferential paths than do
traditional unsaturated-flow models (Reedy and others,
1996). Magnuson and Sondrup (1998, p. 4-48) used a
model of this type in calibrating for volatile organic con-
taminants (VOCs). The concept of mobility, that is, how
easily moved certain system components (in particular,
contaminants) are in different parts of the medium, is fre-
quently used in defining and characterizing these
approaches.

Some of these models are used more commonly for
solute transport than for water flow in preferential paths.
The simplest ones assume matrix flow to be negligible, so
that all flow is preferential flow. Given the nonlinear
nature of unsaturated flow, the difference in conductance
between, say, a wormhole and an intraaggregate pore
between clay particles may be several orders of magni-
tude and, for practical purposes, may constitute a mobile-
immobile distinction (van Genuchten and Wierenga,
1976). Other models assume the matrix to be permeable
but with different properties and possibly different modes
of flow than the portion of the medium that has preferen-
tial flow. In extensive field experiments, Ghodrati and
Jury (1992, fig. 2) showed effects of preferential contam-
inant transport and noted that existing transport models
for nonhomogeneous soils were inapplicable. They con-
cluded that "...new approaches will have to be developed
to address preferential flow when the soil matrix is also
permeable enough to permit transport of water and chem-
icals through it."

The degrees of possible mobility cover a continuum,
and truly immobile water is unlikely. Some models postu-
late as many as three degrees of effective mobility; a few
models postulate more. For example mesopores in addi-
tion to micropores and macropores, may be considered
(Luxmoore, 1981). A closer approach to a continuum of
mobility is that of Griffioen and others (1998), who
worked toward a parameterization of mobility.

Other recent models were described by Jaynes and
others (1995), and Casey and others (1997). It is also pos-
sible to combine mobile-immobile models with other
models, especially for reactive solute transport (Ma and
Selim, 1997).

2.4.3.4.3 Additional considerations in the quantification of
unstable flow

Quantification of unstable flow is complicated by
two factors that do not apply to macropore or funneled
flow: (1) unstable flow is not tied to particular permanent
features of the medium, and (2) the preferentiality of
unstable flow changes dynamically (for instance, flow-
paths commonly would grow wider as flow progresses
through them). Theories of unstable flow in terms of scal-
ing (Miller and Miller, 1956) and other concepts, have
been developed in studies by Glass and others (1989a,
1989b), Raats (1973), Philip and Forrester (1975), Par-
lange and Hillel (1976), Diment and others (1982), Hillel
and Baker (1988), and Selker and others (1992a, 1992b).

2.435 Contentions and ambiguities concerning preferential flow

At present (1999) there is disagreement in the scien-
tific community concerning the prevalence of preferential
flow. Statements in many recent publications suggest that
preferential flow is uncommon: "Pulses of infiltration
are... naturally damped in a diffusion-like process"
(Stephens, 1996, p. 97); "Field studies that demonstrate
preferential flow are restricted mostly to fractured rock
and root zones in arid regions" (Scanlon and others,
1997); "Fractures are unlikely to provide rapid, open
channels for flow" (Soli and Birdsell, 1998); "It seems
likely that the strong lateral potential gradients that result
from preferential flow into the dry subsoil rapidly damp
out irregular wetting fronts" (Phillips, 1994); "Soil
hydraulic properties, initial soil water content, and infil-
tration rate exert an important control on instability"
(Hendrickx and Yao, 1998).

Other statements argue for the prevalence of prefer-
ential flow: "The occurrence of preferential flow is the
rule rather than the exception" (Flury and others, 1994);
"Preferential flow is a dominant feature of structured
soils, particularly those with pronounced layering" (Jury
and Wang, 1999); "A most effective condition for fast
preferential flow is the presence of sub-horizontal barriers
of significant length" (Pruess, 1998); "It is now apparent
that fingered flow should be expected in any sandy soil
with unsaturated flow" (Selker and others, 1991); "While
once believed to occur exclusively in structured soils,
preferential flow is now recognized as prevalent under a
wide range of conditions in permeable, structureless (for
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example, devoid of macropore structure) soils" (Jury and
Wang, 1999).

In virtually every unsaturated-zone transport prob-
lem, it is essential to assess the prevalence of preferential
flow and the flow mechanisms that might be active. One
approach is to evaluate the features of a particular site that
might cause macropore, funneled, or unstable flow. For
example, for unstable flow, Wang and others (1998a,
1998b) analyzed the likelihood of a variety of mecha-
nisms that might cause unstable flow. Another approach is
to collect and evaluate evidence from observed water or
solute distributions that cannot easily be explained with-
out hypothesizing preferential flow.

2.43.6 Row in the unsaturated zone at and nearthe Subsurface
Disposal Area

2.4.3.6.1 Surficial sediments

The unsaturated hydraulic conductivity and water
retention of the surficial sediments in the unsaturated zone
at the INEEL are fairly typical of a medium in which
structural features such as aggregation and macropores
have evolved over time (Shakofsky, 1995; Nimmo and
others, 1999). At the INEEL, much of the surficial sedi-
ment is in the silt loam textural class. At many locations,
for example at the SDA, the hydraulic properties have
been substantially altered by mechanical disturbances.
The main known effects of these disturbances are less
macropore flow and less stratification. Like other surface
soils with developed structural features, the hydraulic
conductivity of these sediments, disturbed or not, may
exhibit substantial local anisotropy.

Available evidence suggests that flow in the unsatur-
ated zone is highly preferential where the soil is undis-
turbed and preferential to some degree elsewhere. Espe-
cially under wet conditions during or shortly after
infiltration, the flow may be dominated by macropores.
Natural layers within these sediments, where they are
undisturbed, and the interface with the basalt in all loca-
tions may significantly slow downward flow. This retard-
ing influence may be especially important at shallow
depths, where its effect is to retain more water high in the
root zone where it is more likely to be removed by evapo-
transpiration.

2.4.3.6.2 Basalts

The hydraulic properties of the fractured basalts have
been represented by the effective properties approach
(Magnuson and Sondrup, 1998). The effective hydraulic
conductivity has not been determined by direct measure-
ments but rather through inverse modeling, as discussed

in chapter 6. There is likely to be substantial anisotropy in
these basalts, large and small, though it is difficult to esti-
mate its nature and degree.

Flow within the basalts is dominated by macropore
flow through fractures. The basalt matrix is sometimes
assumed impermeable, which for many purposes may be
an adequate approximation. A large body of evidence,
including that of the Large-Scale Infiltration Test (LSIT)
(Dunnivant and others, 1998), indicates that when the
basalt fractures are filled, they can conduct rapidly, per-
haps meters per day or faster. Some fractures become
filled from wetting events that might occur as often as sev-
eral times per year. There is also evidence that some frac-
tures, especially ones with dead ends, do not conduct sig-
nificant flow, or at least do not allow significant
downward flow (Dunnivant and others, 1998). Little is
known about the processes or rates of flow in parts of
basalt in which all fractures are unsaturated. A common
assumption, possibly valid for some purposes, is that such
flow is negligible compared with episodic flow through
filled macropores.

2.4.3.6.3 Sedimentary interbeds

The sedimentary interbeds closely resemble the surf-
icial sediments in some ways, but they differ significantly,
for example in having greater density and more uniform
structure. They probably have no significant wormholes
or rootholes and may be less aggregated than the surficial
sediments. The sedimentary interbeds are highly strati-
fied; internal layers and lenses differ substantially from
each other in texture and structure in terms of such fea-
tures as baked zones. The hydraulic properties of inter-
beds would tend to be like those of the surficial sediments
except for systematic differences such as smaller hydrau-
lic conductivity resulting from greater bulk density.
Another difference from surficial sediments is that inter-
bed sediments are likely to retain more water after epi-
sodes of drainage. Because the sediments are granular, the
interbeds may be less anisotropic within internal layers
than other parts of the unsaturated zone. At scales of a few
meters or greater, basalt-interbed interfaces lead to great
effective anisotropy.

Flow behavior in sedimentary interbeds probably
varies widely both seasonally and sporadically as water
content and hydraulic conductivity vary. At least to some
degree, sedimentary interbeds are likely to impede verti-
cal flow and to cause preferential flow from basalt frac-
tures to become more diffuse. The interbeds probably
have less macropore flow within them than the surficial
sediments or basalts, but their layered structure may be
conducive to funneled or unstable flow. Thus it is likely
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that, to some degree, they cause vertical and horizontal
preferential flow.

Saturated hydraulic conductivity, an indirect measure
of sediment lithology, ranges more than four orders of
magnitude in the surficial sediment, more than three
orders of magnitude in interbed A-B, more than six orders
of magnitude in interbed B-C, and more than seven orders
of magnitude in interbed C-D (Barraclough and others,
1976; McCarthy and McElroy, 1995). Barraclough and
others (1976, p. 50) report a range of vertical hydraulic
conductivity for these sedimentary units in ten wells,
USGS 87, 88, 89, 90, 91, 92, 93, 94, 95, and 96 (figs. 2-2
and 2-3), of from 1.6x10-7 to 3.0 m/d. The smallest values
of vertical hydraulic conductivity reported for interbed
C-D in each of these wells ranges from 8.0x10-7 m/d in
well USGS 88 to 

2.6x10"1 
m/d in well USGS 91. The larg-

est values of vertical hydraulic conductivity reported for
interbed C-D in each of these wells ranges from 6.1x10-5
m/d in well USGS 89 to 9.3x10-1 m/d in well USGS 95.
The greatest range of vertical hydraulic conductivity
reported for interbed C-D in any well, 8.0x10-7 to
1.3x10-1 m/d, occurs in well USGS 88 (Barraclough and
others, 1976). These ranges of hydraulic conductivity
probably reflect centimeter-scale changes in lithology,
from clay- to gravel-sized clasts, within the surficial sed-
iment and sedimentary interbeds A-B, B-C, and C-D.

243.7 Current qualitative understanding of flow in the
unsaturated zone atthe Idaho National Engineering and
Environmental Laboratory

2.4.3.7.1 Vertical flow of local origin

Local infiltration from rainfall, snowmelt, and runoff
initially moves downward. If the infiltration is uniform
over a large enough area, it can be treated as one-dimen-
sional vertical flow. At many locations, including the
SDA, most of the infiltration eventually exits at the soil
surface because of evapotranspiration or other mecha-
nisms. Some fraction of infiltration becomes deep perco-
lation that can continue downward until it reaches the
aquifer (Cecil and others, 1992; Nimmo and others,
1999). The depth that water must reach for this to happen
is described by some as the maximum depth at which
plant roots are active. At most locations on the INEEL,
this depth is probably a few meters. In the disturbed area
of the SDA, where grasses are the dominant vegetation,
the depth of active roots is about 2 m and this is within the
surficial sediments.

In the surficial layers, infiltrating water can move
quickly down to some depth, perhaps a few centimeters or
meters, depending on macropores and soil layers, and

then move more slowly from that level onward (Shakof-
sky and Nimmo, 1996). The travel time for movement
from the land surface to the top of the first basalt layer
may range from a few days to a few years.

At the interface of the basalt, water accumulates until
the sediment is wet enough to allow breakthrough into one
or more fractures, or until the wetted portion of the inter-
face broadens enough to include the entrance to a fracture
that forms an effective downward conduit. Sometimes
this causes perching just above the basalt interface
(Bishop, 1996).

Through fractures in the basalt, water can move faster
than it typically moves through the sediments, though
only if the fractures are adequately filled. When much
water is available to fill the fractures, the travel time
through an effectively saturated basalt layer tens of meters
thick could be from days to weeks (Dunnivant and others,
1998). Flow through unsaturated fractures is likely to be
much slower (Tokunaga and Wan, 1997; Su and others,
1999).

When downward flow through basalt fractures
reaches a sedimentary interbed, the flow can move in var-
ious ways that are poorly understood at present (1999).
This flow, like flow through the surficial layers, can be a
combination of diffuse and preferential flow. It is proba-
bly slower than flow through fractured basalt. Because
interbed characteristics are different from those of the
surficial sediment and because evapotranspiration at a
basalt-interbed interface is insignificant, the flow at these
interfaces is in some ways very different from flow
through the surficial sediment. Evidence of perching of
water in and near interbeds suggests that, in at least some
circumstances, the interbeds conduct downward flow
markedly more slowly than the basalts. Whether the inter-
beds on the whole act more as barriers to downward flow
or as zones of substantial preferential flow is not yet
clearly known.

2.4.3.7.2 Combined vertical and lateral flow

Large amounts of infiltration episodically occur in
features near the SDA such as the BLR, spreading areas,
and runoff-collecting depressions. Downward flow is
likely to be fast and voluminous compared with flow gen-
erated only from local precipitation. Thus, travel times to
the aquifer below these features are probably much
shorter than where infiltration occurs in smaller amounts.
The downward flow rate below these features is con-
trolled by the hydraulic conductivity of some layer, most
likely in the surficial sediments. Where adjacent layers
within the unsaturated zone differ in conductivity, espe-
cially at the interfaces between basalt and sediments, lat-
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eral flow and possibly perching occurs; therefore, a two-
or three-dimensional model rather than a one-dimensional
model is necessary. Some of the perching that occurs near
the SDA could result from water that has moved laterally
from a wetter area. This additional water could then
reduce the vertical travel times to less than it would be for
only locally generated flow. Another possibly relevant
process is that lateral preferential flow in perched layers
could entrain contaminants in the subsurface and move
them horizontally to places where vertical travel times are
less than those at the SDA.

2.43.8 Summary of unsaturated-zone flow

Flow behavior in the unsaturated-zone basalts and
sedimentary interbeds and the interfaces between them is
not well enough understood to quantitatively predict on
the basis of widely accepted theory its effect on the spread
of contamination. Flow processes routinely occurring at
the INEEL in the unsaturated zone cause both vertical and
horizontal flow, and create flow impediments as well as
preferential pathways. It is known that some types of
behavior of great importance to contaminant transport
(perching) are known to occur, and others (significant
upward flow from interbeds) are unlikely or impossible.
Whether many other types of flow behavior, such as
unstable fingered flow in interbeds, occur is unknown.

2.4.4 Flow in the saturated zone

The SRP aquifer is composed of interbedded basalt
and sediment of Quaternary age. Water in the aquifer gen-
erally moves from the northeast to the southwest, princi-
pally through interflow zones in the basalt. Depth to water
at the SDA is about 180 m. Saturated thickness of the
aquifer is unknown at this location, but estimates based on
differing geohydrologic criteria range from about 75 to
340 m (Robertson, 1974; Morse and McCurry, 1997;
Anderson and Liszewski, 1997). Water-level gradients in
the vicinity of the SDA area were about 0.6 in/km in 1995
(Bartholomay and others, 1997). Water levels in this area
are affected by periodic infiltration of streamflow from
the BLR and spreading areas. Barraclough and others
(1976) suggested that local reversals in water-level gradi-
ents may occur at the SDA during periods of high infiltra-
tion.

The number and ages of basalt flows in the aquifer at
the SDA are uncertain because few basalt cores have been
obtained from this area. Correlations made by Anderson
and others (1996) between corehole C 1A. and well OW-2
(fig. 2-2), located northeast and southwest of the SDA,
respectively, suggest that the aquifer is made up of at least

10 basalt-flow groups, each composed of one or more
basalt flows that range in age from about 600 thousand to
1.8 million years.

Porosity and hydraulic conductivity of the basalts
range from very small in dense portions of basalt flows to
extremely large in the fractures, rubble, and scoria
between their contacts. Vertical hydraulic conductivity of
individual basalt flows, even in the dense basalts, is
greatly enhanced by the presence of vertical fractures that
penetrate the flows. Vesicular zones occur near the tops
and bottoms of basalt flows. The vesicles commonly are
not interconnected and, although the porosity of these
units can be large, the hydraulic conductivity can be
small.

Ackerman (1995, p. 9 and 10) reported a range of
probable values for effective porosity of the aquifer of
from 0.10 to 0.25. This range is based on numerous stud-
ies, including measurements of more than 1,500 core and
outcrop samples (Bishop, 1991; Knutson and others,
1990, 1992). Porosity of individual basalt flows generally
is least in dense basalt and greatest in vesicular basalt.
Although difficult to measure, the largest porosity occurs
in fractures, rubble, and scoria between individual basalt
flows. Collectively these porosities are referred to as
effective porosity. For analysis of steady-state flow and
advective transport in the eastern SRP (Ackerman, 1995),
the calibration value for effective porosity was 0.21.

The SDA lies within an inferred vent corridor near
the Arco-Big Southern Butte volcanic rift zone. Measure-
ments from 32 closely spaced wells that penetrate similar
inferred vent corridors at the Idaho Nuclear Technology
and Engineering Center (INTEC) (fig. 1-1), indicate that
saturated hydraulic conductivity in such areas can vary
three to five orders of magnitude within distances of 150
to 300 m (Anderson and others, 1999). The effective
hydraulic conductivity of basalt flows in the SRP aquifer
at the INEEL ranges from about 0.003 to 9,800 m/d
(Anderson and others, 1999). At the SDA, measured
hydraulic conductivity ranges from about 0.003 to
700 m/d. Hydraulic conductivity of less than about
30 m/d generally is attributed to the effects of feeder
dikes, thick tube-fed pahoehoe flows, and altered basalt.
Hydraulic conductivity of more than about 30 m/d gener-
ally is attributed to the effects of thin, tube-fed pahoehoe
flows; shelly- and slab-pahoehoe flows; and scoria, spat-
ter, and ash. Hydraulic conductivity from eight wells that
trend northwestward along the southern boundary of the
SDA ranges from about 0.003 to 0.3 m/d, among the
smallest measured hydraulic conductivities at the INEEL.
These values probably reflect the presence of concealed
dikes associated with at least four inferred volcanic vents



2.0 Conceptual model of aqueous-phase fluid flow and contaminant transport 2-17

in the unsaturated zone at this location (Anderson and
Liszewski, 1997, p. 10). If dikes are present in this
area—a speculation also reported by Burgess and others
(1994)—they likely extend vertically from beneath the
base of the aquifer to the top of interbed C-D. If the small
hydraulic conductivity in wells along the southern bound-
ary of the SDA is related to concealed dikes, water and
wastes in this area must go around or through the zone of
dikes. Although regions of similar hydraulic conductivity
in the aquifer at the SDA can be delineated using existing
data (Magnuson and Sondrup, 1998), these data may not
be sufficient to describe the many significant local varia-
tions that are thought to occur within vent corridors
(Anderson and others, 1999).

Magnuson and Sondrup (1998) assumed an aquifer
thickness of about 75 m for simulations of saturated flow
at and near the SDA. They reported that this estimate was
originally developed from Robertson (1974) and has been
used extensively since that time. Many different methods
have been used to estimate the thickness of the aquifer at
specific sites at the INEEL since the study by Robertson
(1974). These methods include geophysical surveys, stud-
ies of basalt cores, and measurement of permeability,
porosity, and water temperature (Mann, 1986; Whitehead,
1992; Anderson and Liszewski, 1997; Morse and
McCurry, 1997). Estimates based on these methods range
from about 120 to more than 360 m. Morse and McCurry
(1997) estimated an aquifer thickness of about 137 m in
well C 1A, about 0.5 km northeast of the SDA. This esti-
mate, which may be the best estimate for the SDA, is
based on the depth to the top of altered basalt, and a cor-
responding decrease in permeability and porosity, and a
change from convective to conductive heat flow.

According to Barraclough and others (1976), local
ground-water altitude, gradients, and associated rates and
directions of flow are affected by four composite recharge
sources: (1) regional flow from the northeast, (2) infiltra-
tion from local precipitation, (3) infiltration from the
BLR, about 3 km northwest of the SDA, and (4) infiltra-
tion from the INEEL spreading areas, about 1.5 km south-
west of the SDA, which periodically contain overflow
from the river. According to Barraclough and others
(1976), the predominant influence appears to be the
spreading areas. During years of larger discharge and
associated diversions to the spreading areas, such as 1965,
1969, 1983, and 1984 (Bartholomay and others, 1997),
local gradients at the SDA may be northeastward
(Barraclough and others, 1976). During years of small or
no discharge and diversions, such as 1988 to 1994, local
gradients may be southwestward. Ground-water veloci-
ties in the southern part of the INEEL range from about 2

to 7 m/d and average about 3 m/d (Ackerman, 1995, p. 11;
L.D. Cecil, USGS, oral commun., 1999). Ground-water
velocities at the SDA probably are within this range.

2.5 Contaminant transport

25.1 Source-term description

Transport of radioactive contaminants of potential
concern (COPC's) at the SDA is directly related to the
type of contaminant source, the chemical form of the con-
taminants, and the chemical environment where the con-
taminants reside. The exact chemical form of transuranic
waste originally disposed of at the SDA is unknown and it
is possible that the chemical environment in the subsur-
face has changed since emplacement of the waste. The
contaminant sources at the SDA and surrounding area
include both point sources and nonpoint sources.

2.5.1.1 Point sources

Radioactive waste has been buried at the SDA since
1952. From 1952 to 1970, low-level and transuranic
radioactive wastes were buried in pits and trenches exca-
vated into the surficial sediment. Wastes sometimes were
dumped randomly into the pits and compacted, which
could have damaged containers. Since 1970, burial of
low-level radioactive waste has continued and transuranic
waste has been stored on above-ground asphalt pads in
retrievable containers. Between 1952 and 1986, more than
170 thousand m3 of low-level and transuranic waste con-
taining about 9.5 million Ci of radioactivity was buried at
the SDA (Davis and Pittman, 1990, p. 2). Of this 9.5 mil-
lion Ci, about 0.5 million Ci was transuranic radioactive
waste (Roland Felt, DOE, oral commun., 1999). An
inventory of annual amounts of 38 radioactive contami-
nants that were buried was provided by Becker and others
(1998, table 4-1).

The chemical form of the buried transuranic waste is
unclear; however Navratil (written commun., 1996) indi-
cated that the major plutonium residue processes at Rocky
Hats, Colorado consisted of dissolution, ion exchange,
precipitation, fluorination, and reduction. Plutonium tet-
rafluoride (PuF4), a finely divided powder, was handled in
the last two processes. Because the powdered PuF4 easily
contaminates items such as plastics, paper, gloves, and fil-
ters, it is reasonable to conclude that waste buried at the
SDA contained plutonium in the form PuF4. Other forms
of plutonium also may be buried at the SDA. The transu-
ranic waste buried at the SDA is in a variety of different
physical forms that include containerized sludge, assorted
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solid wastes, empty contaminated drums in cardboard
boxes, sewage sludge, nitrate salts, depleted uranium
waste, and secondary sources such as contaminated
asphalt and soil (Becker and others, 1998, p. 3-38 to 3-42).
Oxygen in the unsaturated zone at the SDA may react with
organic material buried in the pits and trenches, which
may create localized reducing conditions and environ-
ments where some forms of plutonium are more mobile
than others. Stability and movement of various plutonium
species are discussed in chapter 4 of this document.

The waste at the SDA is packaged in a variety of con-
tainers, such as steel boxes, concrete casks, steel drums,
plywood boxes, and other containers (Becker and others,
1998, p. 6-2). Breaching of these containers or diffusion
of contaminants through the container walls allows con-
taminant release that can be called point-source contami-
nation. Although this definition does not precisely follow
the definition of point source contamination, the nonsys-
tematic release of contaminants in a small area and the
release by historic waste disposal methods combine to
produce many individual point sources of contamination
in close proximity. These point sources can be very diver-
sified in actual contaminant composition. Once released
from their containers, the contaminants can be transported
away from the release sites in a variety of ways, which are
discussed in other parts of this document.

2.5.12 Nonpoint sources

Concentrations of selected radionuclides that are
slightly larger than background concentrations have been
detected in surficial sediments near the SDA (Markham,
1978; Beasley and others, 1998, p. i). For example, the
range of 239'240Pti concentrations near the SDA is from
about 50 pCi/m2 to greater than 600 pCi/m2; however,
concentrations in 11 of 19 samples ranged from 270 to
650 pCi/m2 (Beasley and others, 1998, fig. 15). These
radionuclides in the shallow subsurface are a potential
source of contamination to the unsaturated zone and, ulti-
mately, to the eastern Snake River Plain aquifer. The con-
centrations of these radionuclides at the SDA are suffi-
ciently large to be measured with conventional methods,
but at distances of more than about 2 km from the SDA,
mass spectrometry would be required to detect the con-
centrations (L.D. Cecil, U.S. Geological Survey, oral
commun., 1999). In the layered unsaturated zone beneath
the SDA, these contaminants potentially could be trans-
ported by a variety of natural preferential-flow processes
that include, but are not limited to, macropore flow, fun-
neled flow, or unstable flow. Chemical, biological, or
physical means of mobilizing or retarding contaminants
could affect contaminant migration. The specific means

of mobilizing or retarding contaminants and the types of
flow that could transport the contaminants are discussed
in other parts of this document. One implication of the
widespread distribution of slightly larger than background
concentrations of radionuclides in surficial sediments is
that extreme care should be exercised during drilling
operations to avoid dragging contaminants into the deeper
subsurface.

2.5.2 Summary of geochemical processes atthe
Subsurface Disposal Area

Several studies of geochemical processes at the SDA
have been done. Olmstead (1962) and Robertson and oth-
ers (1974) described the chemical and physical properties
of ground water beneath the INEEL, which included anal-
yses of ground water near the SDA. Knobel and others
(1997) delineated the geochemical reactions in the SRP
aquifer at the SDA and other locations at the INEEL.
Rightmire and Lewis (1987b) examined the geochemistry
of the unsaturated zone at the SDA. C.T. Rightmire and
B.D. Lewis (USGS written commun., 1995) examined the
effect of the geochemical environment on radionuclide
migration in the unsaturated zone at the SDA. Rawson and
Hubbell (1989) and Rawson and others (1991) studied the
geochemical controls on the composition of soil pore
water in the unsaturated zone beneath a mixed-waste dis-
posal site at the SDA to determine the extent of radionu-
clide migration from the disposal site. Cleveland and Mul-
lin (1993) studied the speciation of Pu at various oxidation
states and Am in ground water at the SDA and found that
the solubility of Am was generally low in all cases. Their
results also indicated that low-oxidation-state Pu was gen-
erally insoluble in water from the SRP aquifer, was more
soluble in the perched water, and could be leached from
waste and ultimately reach the aquifer. Dicke (1997)
examined the distribution coefficients and contaminant
solubilities for the WAG-7 Baseline Risk Assessment. A
generalized overview of information from these and other
reports is given in the following section.

2.52.1 Lithology and mineralogy

Understanding the lithology and mineralogy of sedi-
ment and rock below the SDA is important in characteriz-
ing the materials present that may inhibit radionuclide
migration. Several studies have examined the lithology
and mineralogy of surficial sediment, sedimentary inter-
beds, and vesicle- and fracture-infill material at the SDA.
Core sample descriptions, thin-section observations, and
observations made using scanning electron microscopy
for selected cores were presented by Rightmire (1984)
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and Rightmire and Lewis (1987a). Voegeli and Deutsch
(1953) and Nace and others (1956) presented the cation
exchange capacity (CEC) and mineralogy of surficial sed-
iment. Additional data on surficial sediment at and near
the SDA were presented as follows: Barraclough and oth-
ers (1976)—CEC, mineralogy, and grain-size distribution
data; Rightmire and Lewis (1987b)—CEC, mineralogy,
and grain-size distribution data; Bartholomay and others
(1989)—mineralogy and grain-size distribution data;
Liszewski and others (1997)—mineralogy and grain-size
distribution data; and Liszewski and others (1999)—
chemical composition data. Grain-size distribution and
CEC data from samples from sedimentary interbeds and
vesicle- and fracture-infill material were presented by
Barraclough and others (1976) and Rightmire (1984).
Mineralogy of sedimentary interbeds and/or vesicle- and
fracture-infill material was presented by Barraclough and
others (1976), Rightmire (1984), Rightmire and Lewis
(1987b), Bartholomay and others (1989), Burgess and
others (1994), and Reed and Bartholomay (1994).

Typical basalt geochemistry, sediment grain lithol-
ogy, and mineralogy were discussed earlier in this chap-
ter. Analyses of distribution coefficients for several radi-
onuclides for basalts indicate little exchange between
basalts and water; thus, basalt probably is not much of a
factor in preventing radionuclide migration (Dicke, 1997;
Collelo and others, 1998). Pace and others (1999) found
that vesicle and fracture infill material produced the larg-
est strontium distribution coefficients of any material at
the INEEL and were the most likely sites for sorption or
exchange with radionuclides in solution. A more detailed
discussion on the use of distribution coefficients for pre-
dicting contaminant transport is given in chapter 5.

2.522 Water chemistry

Several water properties can affect the solubility of
radionuclides; these properties will be discussed in more
detail in chapter 4. To evaluate water properties, water
chemistry needs to be known. Water-chemistry data from
the BLR at Arco, Idaho, upstream from the SDA, were
given by Rightmire and Lewis (1987b) and Bartholomay
(1990b). The surface water is a calcium bicarbonate type
that includes small amounts of magnesium and sulfate.
Water-chemistry data for perched ground water above the
C-D interbed were presented by Barraclough and others
(1976), Rightmire and Lewis (1987b), Hubbell (1990),
Knobel and others (1992a), Tucker and Orr (1998), and
Bartholomay (1998). Water chemistry data for several
suction lysimeters at the SDA were presented by Laney
and others (1988) and L.C. Hull, BBWI (unpub. data,
2000). The results of a search for data on quality of

perched water at the SDA along with a list of references
for the data was presented by Becker and others (1998,
table 4-7). Rawson and others (1991) determined major
ion concentrations of soil pore water samples. Piper plots
indicate that water in the shallow boreholes was either a
sodium chloride or sodium bicarbonate type and water in
the deeper boreholes was a sodium chloride type (Rawson
and Hubbell, 1989, p. 245). C.T. Rightmire and B.D.
Lewis (USGS written commun., 1995) described possible
chemical reactions that could take place if infiltrating
water reacts with the available minerals.

Saturation indices (SI) calculated from the analyses
of perched-water at the SDA indicate that many of the
mineral phases with which these water samples were
oversaturated were those with large exchange capacities:
zeolite minerals (laumontite, phillipsite, wairakite) and
clay minerals (calcium smectite and illite) (Rightmire and
Lewis, 1987b). As discussed previously, illite was the
main exchange mineral present. Saturation indices of soil
pore water samples show oversaturation with respect to
quartz, chalcedony, cristobalite, calcite, talc, tremolite,
iron oxides, hydroxides, oxyhydroxides, and a wide vari-
ety of aluminous phyllosilicates and tectosilicates
(Rawson and Hubbell, 1989, p. 245-246).

Water-chemistry data for water from eight wells
completed in the SRP aquifer at and near the SDA were
presented by Mann and Knobel (1988), Knobel and others
(1992a), and Liszewski and Mann (1993). Water chemis-
try data for water from six other wells at the SDA were
presented by Burgess and others (1994). Concentrations
of selected radionuclides in ground water at the SDA were
reported by Barraclough and others (1976), Knobel and
Mann (1988), and Knobel and others (1992a). The results
of a search for data on ground water at the SDA were pre-
sented by Becker and others (1998, tables 4-11 through
4-13). The water samples from the aquifer at the SDA
generally are a calcium magnesium bicarbonate type
(Knobel and others, 1997), which is typical of most water
in the SRP aquifer. Water samples from three wells at the
SDA were slightly enriched with sodium plus potassium,
and water from two wells were slightly enriched with
chloride (Knobel and others, 1997, p. 20).

Median SI values for the carbonate minerals calcite,
and dolomite indicate that the SRP aquifer water samples
from the SDA are supersaturated with respect to these
minerals; therefore, precipitation of the minerals is the
only thermodynamic possibility. The median SI values
with respect to fluorite; the sulfate minerals celestite and
gypsum; and the silicate minerals diopside, clinoenstatite,
and olivine indicate undersaturation and, hence, dissolu-
tion of these minerals, if present in the aquifer. Median SI
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values with respect to crystalline quartz and cryptocrystal-
line chalcedony indicate that they are stable in the solid
phase; silica glass is unstable, but near equilibrium
(Knobel and others, 1997, p. 20-24).

In a mineral stability diagram for the potassium sys-
tem, all water chemistry data for samples from wells at the
SDA plotted in the kaolinite stability field, which indi-
cates that microcline, muscovite, and gibbsite are unstable
solid phases and would react with water to form kaolinite.
In similar diagrams for the plagioclase system, data for
water associated with anorthite plotted in the calcium
montmorillonite field, and data for water associated with
albite plotted in the sodium montmorillonite field (Knobel
and others, 1997, p. 24-33).

2.5.3 Description of contaminant transport processes

2.53.1 Solute transport

Solute transport is described further in chapters 4 and
5 of this report. In addition to hydrologic processes such
as advection, dispersion and diffusion, chemical pro-
cesses will strongly affect the transport of most radionu-
clides by controlling or limiting their aqueous concentra-
tions. Redox-sensitive aqueous-phase constituents and
adjoining redox-sensitive minerals (such as Fe(II)-rich
biotite or organic carbon) may affect the solubility of
radionuclides such as U, Pu and Np by controlling their
oxidation state. Generally, the nuclides under higher oxi-
dation states, such as U(VI), Pu(VI), Pu(V), and Np(V)
will be more soluble than the equivalent nuclides under
lower oxidation states (for example U(IV), Pu(IV), and
Np(IV)). The major ion composition of the waters may
also affect the solubility/mobility of the nuclides by pro-
viding radionuclide complexing agents (such as carbon-
ate, sulfate, and phosphate ions). The effect of pH on the
hydroloysis of the radionuclides will also be an important
control on their solubility/mobility. Similarly, the miner-
alogy and composition of the solids contacting the con-
taminated waters will also be important, not only through
their controlling effects on the redox state, complexing
ion concentrations and pH of the waters, but also by pro-
viding surfaces on which the radionuclides may sorb.
Minerals such as Fe-oxyhydroxides (of which goethite
will be the most predominant), calcite, clays, solid-
organic matter can be expected to be strong sorbents for
various radionuclides depending on the aqueous specia-
tion of the nuclides and on the speciation of the sorbing
surfaces, which will often be pH dependent. The presence
or formation of radionuclide minerals may also control
their aqueous concentrations, particularly in the source
areas.

A deterministic model of radionuclide transport
requires a large amount of information on (1) the chemis-
try, mineralogy and amounts of solids and solid surfaces,
(2) the chemistry of the various contacting waters, and (3)
the thermodynamics and kinetics of the various chemical
processes of importance. Because of the difficulty of char-
acterizing, to a sufficient level of detail, all the relevant
information, solute transport models often adopt a more
empirical approach; they commonly assume that the retar-
dation of a contaminant of interest relative to the move-
ment of the water can simply be described as constant and
uniform throughout the simulation domain. In other
words they use the Kd approach.

2.532 Colloid transport

Transport of radionuclides beneath WAG-7 could be
enhanced by association with colloids and larger particles
capable of being transported by water. Colloids can be
rock and mineral fragments, mineral precipitates and
weathering products, macromolecular components of dis-
solved organic carbon such as humic substances, biocol-
loids such as micro-organisms, and microemulsions of
nonaqueous phase liquids.

Actinides can form colloids by hydrolysis and precip-
itation. These reactions are affected by pH, the concentra-
tion of complexing agents, actinide concentration, and
oxidation state. For example, Am solubility is at a mini-
mum at pH 8. Both Np(IV) and Pu(IV) are much less sol-
uble than other oxidation states of either element. Colloid
as used in this section includes any non-aqueous phase
state.

The mobility of colloids in the subsurface is con-
trolled by the stability of the colloids in ground water,
chemical interactions between colloids and immobile
matrix surfaces, and hydrological and physical factors.
Particles can be removed through mechanical filtration by
smaller pore spaces. Changes in aqueous chemistry can
cause aggregation of colloidal particles, or if electrostatic
and London-van der Waals forces are present, attachment
of particles to immobile surfaces. Colloids can be destabi-
lized by increases in ionic strength, which result in com-
pression of the double layer surrounding particles, or by
pH-induced changes in surface charge.

There is evidence for transport of actinides as col-
loids during batch and column experiments (for example,
Ramsay, 1988; Champ and others, 1982). Actinides are
associated with a wide range of particle sizes, from 500
molecular weight to clay sized and larger. In the batch and
column experiments, actinides often eluted from columns
at much faster rates than would have been predicted from
equilibrium sorption of aqueous species. Generally, the
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form of the actinide eluting from the columns was not
determined, so whether the fast elution was facilitated by
transport as a colloid or transport as an aqueous complex
is undetermined. However, in some experiments there
was enough secondary evidence to implicate transport as
a colloid.

Colloid facilitated transport of actinides in the field
also has been documented. Pu and Am were found
beneath and downgradient from waste-disposal beds at
Los Alamos, NM at distances that indicate colloid facili-
tated transport (Nuttall and others, 1991). Arguments,
although controversial, suggest that there also is evidence
for migration of Pu as a colloid at the Nevada Test Site
(Kersting and others, 1999). Isotopic ratios show that the
Pu, measured in ground water came from a particular
underground explosion 1.3 km away from the blast site.
The 30-year travel time is consistent with the travel time
for ground water in the area. U associated with colloidal
kaolinite and silica has been detected in ground water
from Australia (Payne and others, 1992).

Colloids are present in the basalt fractures at the
INEEL and also have been measured in ground water. The
tighter packed interbed sediments beneath the SDA could
inhibit transport of colloids by filtration; however, colloid
transport through the coarser fractures is a possibility.
Detections of Pu and Am in the interbeds at the INEEL
may indicate colloid-facilitated transport.

2.6 Summary

Diverse hydraulic processes control contaminant
transport through the 200-m-thick unsaturated zone in the
southwestern portion of the INEEL. The interbedded
basalts and sediments that comprise this unsaturated zone
are structurally complex in terms of both preferential-flow
paths and layers that contrast in properties such as thick-
ness, permeability, and porosity. The permeability of the
fractured basalts is generally much larger than that of
dense basalts and sediments.

The unsaturated zone at the INEEL site is complex in
ways that have not been much investigated in other set-
tings. The unsaturated zone near the SDA is about 200 m
thick, and comprises granular media as well as fractured
rock. Its uncommon features, relative to the most widely
studied earth sites, include great thickness, severe con-
trasts between layers in the form of fractured igneous rock
alternating with unconsolidated sediments, intense strati-
fication of the media, and large nonuniform inputs of
water over the land surface.

Vertical water movement through the basalt-sedi-
mentary sequence is largely controlled by the hydraulic

conductivity of fractures in the basalt flows and by the
lower hydraulic conductivity of some of the interbeds.
The interfaces between sediments and basalt may have
significant additional effects, both from the commonly
expected phenomena of flow through contrasting layers in
the unsaturated zone, and also from mechanisms peculiar
to the combination of sediments and fractured rock.

The basalts and sedimentary layers and the interfaces
between them are not well enough understood with
respect to their unsaturated-zone flow behavior to predict
on a theoretical basis the effect of unsaturated-zone flow
on the spread of contamination. Various processes rou-
tinely operate in the unsaturated zone in this area to cause
vertical and horizontal flow. Some relevant types of
behavior (for example perching) are known to occur, and
others (for example significant upward flow from inter-
beds) are unlikely or impossible, but there are many that
may or may not occur (for example unstable fingered flow
in interbeds) with an unknown net effect on contaminant
transport.

Seasonal streamflow, local runoff, and snowmelts
routinely generate large quantities of infiltrating water for
periods of days or weeks. Particular concerns arise regard-
ing seasonal diversion of water from the BLR to spreading
areas located as close as 1 km to the SDA. Short-term,
large-volume infiltration may cause rapid, long-range
transport phenomena.

Vertical flow occurs mainly through highly conduc-
tive fractures. As a result of substantial surface inputs of
water, some of the water perches in or on the interbeds, or
on basalt flows of lesser effective vertical conductivity.
The perched zones may persist for a few months or longer,
until horizontal and vertical flow spreads them out enough
to leave the porous materials unsaturated. The behavior
and composition of perched water observed since the
1970's suggest that this water may sometimes move
within the unsaturated zone at unusually high flow rates
and volumes. These effects can severely affect contami-
nation in various ways, including fast horizontal transport.

Certain features of basalt flows, volcanic rift zones,
and sedimentary interbeds may constitute hydraulic path-
ways for the preferential movement of water in the unsat-
urated zone and in the aquifer (Anderson and others,
1999). Preferential-flow paths associated with subsurface
features can transport water and contaminants horizon-
tally to adjacent regions or vertically to the aquifer far
sooner than might be predicted based on bulk medium
properties and Richards equation. An important second-
ary feature of preferential flow is that the interaction with
contaminants is effectively limited to a fraction of the sub-
surface medium, limiting adsorption and other attenuating
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processes. The equivalent-granular-medium approach is
essentially the only fully practical means of treating pref-
erential flow over large scales that has been widely
applied, though it has significant limitations.

Rubble and fracture zones provide the main conduits
for flow in the saturated zone. The effective hydraulic
conductivity ranges from about 3x10-8 to 8.4x10-2 m/s.
The aquifer is assumed to be anisotropic, with estimated
ratios of horizontal to vertical basalt permeabilities rang-
ing from about 3:1 to 300:1 (Barraclough and others,
1976; Magnuson, 1995; Magnuson and Sondrup, 1998).

Key issues related to subsurface contaminant trans-
port include (1) travel times to and within the aquifer, both
average or typical values and the range of values to be
expected, and (2) modes of contaminant transport, espe-
cially adsorption processes. Some features promote trans-
port of radionuclides, for example preferential flow, irreg-
ularity of layer interfaces, flooding, and perched water.
Some features inhibit transport of radionuclides, for
example layer contrasts, fineness of grains in interbeds,
thickness of the unsaturated zone, relatively low average
precipitation, and low porosity of many of the media, such
as basalt between fractures.
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3.0 Task 1: Review of radionuclide sampling
program and available data at the
Subsurface Disposal Area

3.1 Introduction

This chapter is divided into five parts. The first part
is a review of the methods used by the site contractor to
monitor for and report detections of selected radionu-
clides in the environment near the Subsurface Disposal
Area (SDA) (section 3.2). The second part is a review of
the site contractor's sampling methodology (section 3.3),
analytical methods (section 3.4), and quality assurance
and quality control protocols (section 3.5). The third part
is a review of data from Lockheed Martin Idaho Technol-
ogies, Inc. (LMITCO) for reported detections of radionu-
clides in the unsaturated and saturated zones at and near
the SDA (section 3.6). The fourth part is a brief discussion
on the significance of the reported detections (section
3.6.3) and the fifth part is a list of specific recommenda-
tions to improve sample collection and analyses, data gen-
eration and reporting, and overall quality assurance and
quality control for generating data in support of the Waste
Area Group 7 (WAG-7) Comprehensive Remedial Inves-
tigation and Feasibility Study (RI/FS) (section 3.7). Mul-
tiple criteria were considered in evaluating the data. These
criteria were (1) statistical significance, (2) isotopic asso-
ciation, (3) consistency of detections with the historical
data record, (4) possibility of cross contamination, and (5)
adequacy of the sampling program.

Tables referenced in this chapter are located at the
end of section 3.7.

3.1.1 Background

Radionuclide data collected in support of the WAG-
7 Comprehensive RI/FS will be used to determine the pos-
sible release of radioactive contaminants from the SDA
and to aid in understanding the fate and transport of radi-
onuclides (Barrie and Haney, 1997). The specific data
quality objectives (DQOs) for radionuclide sampling of
six perimeter ground-water monitoring wells near the
SDA are to (1) detect contaminated ground water moving
away from the SDA, (2) determine the lateral and vertical
extent of contamination, (3) obtain samples representative
of water quality, and (4) determine the ground-water flow
direction and velocity. The specific DQOs for four
ground-water monitoring wells upgradient in the far field
are provided by the DOE (1998, table 4-3). They are to (1)
identify contaminant concentrations in the aquifer to

determine whether the contaminants are derived from the
SDA or from an upgradient source, (2) delineate the areal
extent of the carbon tetrachloride (CC14) plume in the
unsaturated zone upgradient of the SDA, (3) identify well
(M14S, fig. 2.3) to determine background concentrations
for long-term monitoring, (4) calibrate fate and transport
models that predict plume dimensions and concentrations,
and (5) track and discriminate the Test Reactor Area
(TRA) and the Idaho Chemical Processing Plant (ICPP)
(currently called the Idaho Nuclear Technology and Engi-
neering Center (INTEC)) plumes and evaluate risk from
SDA contaminants.

3.1.2 Purpose and scope

The purpose of this review is to determine whether
the Department of Energy (DOE) site contractor at the
INEEL is using scientifically defensible methods to quan-
tify and monitor selected radionuclides in the environ-
ment near the SDA. This review includes the complete
measurement process: reporting of data, sample collection
and analysis, and quality control of selected radionuclide
data. Therefore, each of these areas will be reviewed as
they pertain to the criteria outlined in section 3.1. The
scope is confined to WAG-7 and includes an evaluation of
the methods used by the site contractor to monitor for and

232,234report detections of 241Am, U undivided, 234U,
235U, 238u, 238p. 239,240 undivided, and 230Th.

32 Detection limits, statistical screening criteria, and
reporting of data

The detection limit currently used by the site
contractor for 241Am, 233,234U undivided, 234U, 235U,
238u, 238pu, 239,240 undivided, or 230Th in water is 0.05
picocuries per liter (pCi/L) (Dave Burgess, uvrato,
written commun., 1998). For these selected radionuclides
in soils and other solid matrices, the detection limit is
0.003 pCi/g. As discussed in section 3.4, "Analytical
Methods," these detection limits are adequate unless
questions are raised about reported detections that are at
these limits. Improvements in precision for detections at
and near the quoted limits can be gained by using isotope
dilution mass spectrometry, thermal ionization mass
spectrometry, or accelerator mass spectrometry.

Data-reporting criteria outlined by Becker and others
(1996) call for reporting detections to the DOE and State
of Idaho if an analytical result is equal to or larger than
two sample standard deviations (2s)1. Becker and others
(1996) further noted that when the above criterion is met,
there is a 95-percent confidence that the target analyte has
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been detected. However, the correct application of the sta-

tistics of detection (hypothesis testing) according to Cur-
rie (1984) and the American Society for Testing and

Materials (ASTM) (1996) leads to the conclusion that at

2s, there is a 95-percent confidence that the true concen-
tration is only within a range of plus or minus the associ-

ated uncertainty. For example, for the result 5±2, there is

a 95 percent confidence that the true concentration is
somewhere between 9 and 1. This does not address the
question of detection or nondetection. During an inter-

view of LMITCO personnel, the question of the origin of
the 2s criterion was addressed and the consensus was that

the 2s criterion was based solely on historical precedence
(Kirk Dooley, LMITCO, oral commun., 1998).

Discussion with personnel from LMITCO, DOE, and
the State of Idaho indicated that, among these groups, 2s

is the agreed-upon reporting criterion for detections; how-
ever, hypothesis testing is the most defensible method for

determining statistical detection of a target analyte. The
following illustration of the application of hypothesis test-
ing to the question of detection for any radionuclide is
based on a method outlined by Currie (1984) and Cecil
(1989), and is the method recommended by ASTM (1996)

for reporting low-level radionuclide data.

In the analysis for radionuclides, laboratory measure-

ments are made on a target sample and a prepared blank.

In this discussion, it is assumed that the blank is a so-
called well-known blank (Currie, 1984). Instrument sig-

nals for the sample and the blank vary randomly. There-

fore, it is essential to distinguish between two key aspects

of the problem of detection: (1) the instrument signal for

the sample must be larger than the signal for the blank

before the decision can be made that radionuclides were

detected, and (2) an estimation must be made of the min-

imum radionuclide concentration that will yield a suffi-

ciently large signal before the correct decision can be

made for detection or nondetection of the radionuclide.

The first aspect of the problem is a qualitative decision

based on an observed signal and a definite criterion for

detection. The second aspect is an estimation of the detec-

tion capabilities of a given measurement process.

In the laboratory, instrument signals must exceed a
critical level before a qualitative decision can be made as
to whether the radionuclide was detected. As a guide,
radionuclide concentrations that are equal to 1.6 times
their associated sample standard deviation meet this crite-
rion. At 1.6s, there is about a 95-percent probability that
the correct decision, not detected, will be made. The mul-

1 In this report, "s" represents the sample standard deviation and

"a" the population variance. These two terms are often used

interchangeably and thus incorrectly in the references cited.

tiplier on the sample standard deviation, 1.6, varies with
background counts and is based on a measurement pro-
cess that includes data for a well-known blank. Given a
large number of samples, as many as 5 percent of the sam-
ples with measured concentrations larger than or equal to
1.6s, which were concluded as being detected, might not
contain radionuclides. These results are referred to as
false positives and are errors of the first kind in hypothesis
testing. Hypothesis testing may be applied to individual
analytical results to determine detection versus nondetec-
tion.

Once the critical level of 1.6s has been defined in
reporting data, the minimum detectable concentration
may be estimated. Radionuclide concentrations that equal
3s represent a measurement at the minimum detectable
concentration. Again, the multiplier on the sample stan-
dard deviation, 3, varies with background counts and is
based on a measurement process that includes data for a
well-known blank. For true radionuclide concentrations
of 3s or larger, there is about a 95-percent probability that
the radionuclide was detected in the sample. In a large
number of samples, the conclusion "not detected" will be
made in about 5 percent of the samples that contain true
concentrations at the minimum detectable concentration
of 3s. These results are referred to as false negatives and
are errors of the second kind in hypothesis testing.

True radionuclide concentrations between 1.6s and
3s have larger errors of the second kind. That is, the prob-
ability of false negative results for samples with true con-
centrations between 1.6s and 3s is larger than 5 percent.
However, between 1.6s and 3s there may be true radionu-
clide concentrations in the sample. By equating 1.6s and

3s without discussing the possibilities of a true concentra-

tion between 1.6s and 3s, the probability of false negatives
is about 50 percent. In other words, if only the 3s mini-
mum detectable concentration is used as a guide, at least
50 percent of the time, true concentrations between 1.6s
and 3s will be missed.

LMITCO uses 2s as the criterion for detection versus

nondetection and reports the results at 2s and larger as
being 95-percent probable for detection. This is not an
application of hypothesis testing and not a correct appli-

cation of detection statistics. By not explaining the asso-

ciated uncertainties of detection in terms of hypothesis

testing, the end user of the data is being mislead into

thinking that at 2s there is a 95-percent probability that
radionuclides have been detected in the sample. Using a

one-tailed statistical test that is not based on hypothesis

testing only gives a 95-percent probability that the result

is within a range that is plus or minus 2s about the analyt-
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ical result. This does not answer the question of detection
versus nondetection.

The hypothesis testing method of reporting low-level
radionuclide data is recommended by the National Insti-
tute of Science and Technology, ASTM, the International
Union of Applied and Pure Chemistry (IUPAC), and is
used by the USGS. Personnel at DOE and LMITCO who
are responsible for reporting radionuclide data generally
do not use hypothesis testing to determine detection of
radionuclides. It is recommended that all personnel at
DOE, LMITCO, and the State of Idaho address this issue
in reporting detections of radionuclides. Musing 2s as the
screening criterion for detection is to be continued, then it
should be documented in the Quality Assurance Plan
(QAP) or Sampling and Analysis Plan (SAP) as an arbi-
trary DQO that is not based on hypothesis testing.

In reviewing the reporting of detections for radionu-
clide data, two related problems concerning data valida-
tion were discovered. The first involved reporting detec-
tions that were apparently orders of magnitude larger than
the analytical method detection limits with associated
uncertainties as large as 30 percent. The following docu-
mentation is offered for illustration. On February 3, 1998,
the USGS brought to the attention of DOE inconsistencies
in reported detections of 241Am and 54mn. The 241Am

concentration was reported as 1.031-0.27 pCi/L. This con-
centration is almost two orders of magnitude larger than
the method detection limit and the associated uncertainty
is almost 30 percent of the concentration. LMITCO per-
sonnel were notified, and they subsequently learned that
the laboratory had omitted a calibration correction. When
the error was corrected, the associated uncertainty was
reduced to 0.03 pCi/L. According to personnel from the
LMITCO's Sample Management Office (SMO) (Cliff
Watkins and Don Koeppen, LMITCO, oral commun.,
1998) the calibration correction was missed initially
because a Level C instead of a Level B validation had
been performed.

The second problem concerning data validation
involved reporting detections of isotopes that are highly
unlikely to be in environmental samples collected in the
aquifer near the SDA. An example is 54Mn, which was
reported as a detection in a water sample collected in
October 1997 from a well completed in the regional aqui-
fer. Because this isotope has a 320-day half-life, it should
not have been reported as a detection until a complete data
validation had been performed. A screen for exotic iso-
topes such as 54Mn in the computer program used to con-
struct the data base for WAG-7 could prevent this type of
problem. LMTTCO personnel were advised of the
reported detection of 54Mn, and they subsequently per-

formed a complete Level A validation and found that
54Mn should not have been reported as a detection. In the
documentation for reporting data generated in monitoring
at the SDA, it is stated that for radionuclides, a Level B
validation will be performed. In our interview of
LMITCO employees, it was discovered that because of
budget considerations, a Level C instead of a level B val-
idation had been performed for both of the reported detec-
tions cited above. However, a Level A validation was per-
formed when the analyses were called into question
(Kathy Falconer, written commun., 1998). The level of
data validation should be consistent for all radionuclides.

3.3 Sampling methodology

The sampling methodology used for routine monitor-
ing in support of the WAG-7 Comprehensive RI/FS was
described by Barrie and Haney (1997). The specific sec-
tions by Bathe and Haney (1997) dealing with sampling
methodology are section 3, "Sampling Location, Fre-
quency, and Media," section 4, "Sample Identification,"
section 5, "Sampling Equipment and Procedures," section
6, "Sample Handling, Packaging, and Shipping," section
7, "Documentation," and section 8, "Handling and Dispo-
sition of Investigation Derived Waste".

331 Sampling location, frequency, and media

Barrie and Haney (1997, fig. 1-1) designated six
wells as water-quality monitoring sites. These wells are
completed in the Snake River Plain (SRP) aquifer and are
designated as M1SA, M3S, M4D, M6S, M7S, and M1OS
(fig. 2-2). The M in the site identifier indicates monitoring
well, the S indicates shallow, approximately 190 m below
land surface datum (LSD), and the D indicates deep,
approximately 250 m below LSD. All of these sites are in
the near field—situated close to the SDA. M3S and M7S
are upgradient of the SDA; M6S is slightly southeast of
the SDA; and the rest are downgradient. These six perim-
eter wells were installed in 1992 and were first sampled in
October 1992. Four additional wells completed in the SRP
aquifer were installed in 1998 and are upgradient of the
SDA in the far field—situated at a distance from the SDA
(Barrie and Haney, 1997, fig. 1.1). These wells, desig-
nated as Ml1S, M12S, M13S, and M14S (fig. 2-3) were
first sampled in July 1998. An additional well (USGS 127,
fig. 2-3) was completed in 1999 and will be incorporated
into the monitoring program. This well also is upgradient
from the SDA in the far field.

Perched-water bodies also are monitored at the SDA
and water samples from several perched-water wells and



3-4 Review of the transport of selected radionuclides in the Interim Risk Assessment

lysimeters have been analyzed for water quality. In April
1997, a long-term, perched-water-quality program that
consists of quarterly sampling was established at the

SDA. It is not clear which wells and lysimeters are
included in this sampling program; however, radionuclide
concentrations in water from several sites have been
reported since, on, or before April 1997. These sites

include 77-2, 78-1, 88-02D, 89-01D, D-06, D-15, PA-01,
PA-02, PA-03, TW-1, USGS 92, W-04, W-06, W-08,
W-23, and W-25.

Generally, the locations of the wells in the ground-
water monitoring program near the SDA (if well USGS

127 is incorporated) are adequate to meet the DQOs iden-

tified by Bathe and Haney (1997, section 2, p. 2-1) and by

the DOE (1998, table 4-3, p. 4-22). Sampling the perched-
water bodies and the unsaturated-zone water is more dif-
ficult because less water is available (sometimes no water
is available) for determining the presence of radioactive
contaminants. Because of this shortage of sample water,
some components of the monitoring program need to be

more rigorously defined in the SAP according to the pri-
oritization scheme given by the DOE (1998, table 4-2,
p. 4-16). The sample medium for the ground-water mon-
itoring program is "ground water" and the frequency of

sample collection is specified in the SAP Table for Chem-
ical and Radiological Analysis (Barrie and Haney, 1997,

appendix B, p. Bl-B31). The frequency specified in the
SAP for the original 6 perimeter ground-water monitoring

wells is quarterly for 19 sampling rounds, and annually or
semiannually for 6 lysimeters (PA-01, PA-02, PA-03,

PA-04, D-06, and TW-1) (fig. 2-2) for 3 sampling rounds.
The time period specified in this table is from the third
quarter of fiscal year 1993 through the third quarter of fis-

cal year 1999. The table is very well planned and provides

detailed information on what to sample for and the types

of analyses to request; however, the table needs to be

updated to include information on sampling rounds that

follow the third quarter of fiscal year 1999. The table also

needs to be expanded to include schedules for the four

wells installed in 1998 that were added to the monitoring
program (as indicated in DOE, 1998, p. 4-22), the
ground-water monitoring well constructed in 1999
(USGS 127), and the perched-water wells and lysimeters
(through fiscal year 2004 as indicated in DOE, 1998,
p. 4-16).

332 Sample identification

Bathe and Haney (1997) specified that all samples
collected be uniquely identified by a 10-character sample
identification code. Barrie and Haney (1997, appendix B)

list the first six characters of this code under the heading
Sampling Activity. When field guidance forms and sam-
ple labels are generated for the individual sample rounds,
the final four characters are established and printed on the
forms and labels along with the other six characters. The
entire 10-character code is assigned by LMITCO' s SMO
and a data management system is used to ensure the
uniqueness of the sample identification codes. This proce-
dure appears to be adequate for the unique identification
of samples. When appendix B is updated to incorporate
the additional sampling rounds, wells, and lysimeters, the
sampling activity field also should be updated.

3.3.3 Sampling equipment and procedures

Barrie and Haney (1997, section 5 and appendix A)
gave detailed instructions for radionuclide ground water
sample collection. Section 5 describes site preparation,
field measurements, well purging, and well sampling.
Appendix A describes field-sampling methods (FSMs)
and standard operating procedures as follows: FSM #1,
"Well Purging and Sampling with a Submersible Pump",
FSM #2, "Decontamination", FSM #3, "Water level mea-
surements with an electronic recorder", FSM #4, "Water
level measurement with a steel measuring tape", and FSM
#5, "Hydrolab operation". In general, the sampling proce-
dures and equipment are adequate; however, the introduc-
tion to section 5 indicates that these procedures apply only
to the six perimeter ground-water monitoring wells. The
section should specify that these procedures also apply to
the other ground-water, perched-water, and lysimeter
sites. Appendix A also contains a copy of correspondence
providing guidance on the calculation of the amounts of
acid or base that can be added to ground-water samples of
assorted sizes so that they are in compliance with the
Department of Transportation (DOT) shipping regula-
tions. Table 6 of Section 5 also gives guidance on the
amount of acid or base to add to ground-water samples;
however, David Sill (DOE, oral commun., 1999) indi-
cated that samples for radionuclide analysis submitted to
DOE' s Radiological and Environmental Laboratory
(RESL) have not been acidified sufficiently. To minimize
the loss of radionuclides from solution to the container
walls, steps should be taken to ensure adequate sample
preservation in the field and the laboratory.

3.a4 Sample handling, packaging, and shipping

Barrie and Haney (1997, section 6, p. 6-1 to 6-3) pro-
vided instructions for sample handling, packaging, and
shipping. Procedures for these comply with the applicable
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Federal regulations specified by Barrie and Haney (1997,
p. 6-1) and are adequate to meet program requirements.

33.5 Documentation

Barrie and Haney (1997, section 7) provided general
guidance on documentation procedures, including the
controls and disposition of documents and instructions for
data entry and corrections. They also identified and
described necessary field documents: sample labels, sam-
ple tags, chain-of-custody forms, sample logbooks, ship-
ping logbooks, calibration logbooks, field-team leader
logbooks, quality assurance plan, field sampling plan and
attachments, and the health and safety plan. These proce-
dures and documents generally are adequate to meet the
needs of the data acquisition program; however, a few
minor deviations from recommended methods were noted
and will be discussed in section 3.5 of this report, on qual-
ity assurance (QA) and quality control (QC) protocols.

3.a6 Handling and disposition of investigation-derived
waste

Barrie and Haney (1997, section 8) defined the vari-
ous types of waste that could be generated by the sampling
program and the storage and disposition of the wastes.
The procedures for storage and disposition of the wastes
were carefully considered and are adequate for the needs
of the program. One potential type of waste, purge water,
is addressed in their table 7. On the basis of previous anal-
yses of samples from the perimeter wells M1SA, M3S,
M4D, M6S, M7S, and MlOS (fig. 2-2), it was determined
that concentrations of various constituents (including
radiochemical constituents) were within their release lim-
its (either maximum concentration limits (MCLs) or pro-
posed MCLs) and, therefore, need not be containerized.
This is a well-designed table, but it should be updated to
include the recently added and planned ground-water
monitoring wells, the perched-water monitoring wells,
and the lysimeters.

3.4 Analytical methods and laboratory techniques

The analytical methods used for routine monitoring
samples collected in support of the WAG-7 Comprehen-
sive RI/FS were summarized by Baumer and others
(1997). The approved analytical method categories listed
by Baumer and others (1997) in section 4.1, are to be used
unless changes are documented in the site-specific field
sampling plan (FSP) (Barrie and Haney, 1997, appendix
C, p. C-1 to C-2). No exceptions are noted in appendix C

of the FSP. The approved method categories listed by
Baumer and others (1997) are (1) Environmental Protec-
tion Agency (EPA) approved methods, (2) American
National Standards Institute (ANSI) standard methods,
(3) ASTM standards, (4) industry-accepted methods, and
(5) methods described in the laboratory statement of work
(SOW) prepared by the SMO. These analytical methods
are adequate to meet the requirements of the program if
the analyzing laboratory is in conformance with the SOW.
However, because some reported detections at the method
detection limit have been questioned, it would be useful to
list the specific analytical method for each constituent in
the SAP Table for Chemical and Radiological Analysis
(Barrie and Haney, 1997, appendix B). Whenever possi-
ble, technical standards adopted by voluntary consensus-
standards bodies (such as ASTM) should be used for mea-
suring concentrations of radioactive constituents in water
and soils (Turner, 1999). Congress, in the National Tech-
nology Transfer and Advancement Act (Public Law 104-
113) and its Amendments (Collins, 1999; Turner, 1999),
has mandated the use of voluntary consensus standards by
all Federal agencies.

3.5 Quality assurance and quality control protocols

"Each office or laboratory generating data has the
responsibility to implement minimum procedures which
assure that precision, accuracy, completeness, and repre-
sentativeness of its data are known and documented. In
addition, an organization should specify the quality levels
which data must meet in order to be acceptable" (U.S.
EPA, 1980, section 1). To ensure that these responsibili-
ties are met, EPA requires that each data-producing orga-
nization must have a written QA project plan covering
each monitoring or measurement activity within its pur-
view. U.S. EPA (1980) provides (1) guidelines and spec-
ifications that describe the 16 essential elements of a QA
project plan, (2) recommendations on the format to be fol-
lowed, and (3) specifications on how plans will be
reviewed and approved. The QA and QC protocols
employed for WAG-7 are presented in the quality assur-
ance project plan (QAPjP) (Baumer and others, 1997),
and by Barrie and Haney (1997, appendix C). Additional
documents relating to the contents and preparation of the
QAPjP and the SAP are itemized in U.S. DOE (1998, sec-
tion 4, p. 4-9). The EPA guidance document (U.S. EPA,
1980), particularly the 16 elements that must be consid-
ered in the preparation of a QAPjP, was used for evaluat-
ing the QA and QC protocols established for the data
acquisition program. Following is a list of the 16 elements
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and our evaluation of how completely these elements are
addressed in the QAPjP:

Title page.—The signatures required in section 5.1.A
are satisfactory.

Table of Contents.—The most important recom-
mended items are included in the table of contents, which
is adequate for the needs of the monitoring program.

Program Description.—The recommendations for
this section are adequately addressed in the QAPjP; how-
ever, Appendix B of the SAP (Barrie and Haney, 1997)
needs to be updated to incorporate the additional sampling
rounds, wells, and lysimeters to be in compliance with the
last paragraph of Section 1.2 of the QAPjP (Baumer and
others, 1997).

Program Organization and Responsibility.— The
U.S. EPA (1980) implies that responsible individuals be
identified. Although the QAPjP (Baumer and others,
1997) does not identify these individuals, it does identify
the organizational positions that are responsible for the
execution of the QAPjP (Baumer and others, 1997). This
should be adequate to meet the requirements associated
with program organization and responsibility.

QA Objectives for Precision. Accuracy. Complete-
ness—Representativeness. and Comparability of Measure-
ment Data.—The requirements of this section are met in
section 2, tables 2-1 through 2-12, and section 9 of the
QAPjP (Baumer and others, 1997) and are adequate for
the needs of the program.

Sampling Procedures.—The specific requirements of
this section are addressed in the QAPjP (Baumer and oth-
ers, 1997, section 3, and tables 3-1 and 3-2) and in the
SAP (Barrie and Haney, 1997). The sampling procedures
specified in these documents are adequate for the needs of
the program; however, the sample collection schedules
(Barrie and Haney, 1997, appendix B) and sampling loca-
tions (Barrie and Haney, 1997, fig. A-1) should be
updated to include the additional sampling rounds, wells,
and lysimeters.

Sample Custody.—The specific requirements of this
section are addressed in the QAPjP (Baumer and others,
1997, section 3.4) and in the SAP (Bathe and Haney,
1997, Section 7.1). The chain-of-custody record and the
sample label are very well designed; however, it would be
desirable to have an exact location (such as latitude and
longitude) on the sample label. The other aspects of sam-
ple custody are adequate for the needs of the program.

Calibration Procedures and Frequency,—The
requirements of this section are addressed in the QAPjP
(Baumer and others, 1997, section 4.2) and the SAP (Bar-
rie and Haney, 1997, appendix A). The provisions for cal-

ibration and documentation of calibration are adequate for
the needs of the program.

Analytical Procedures.—Analytical procedures are
addressed in the QAPjP (Baumer and others, 1997, sec-
tion 4.1). Adequacy of the analytical procedures was pre-
viously discussed in this document in section 3.4, "Ana-
lytical methods (laboratory techniques)."

Data Reduction. Validation and Reporting.—The
requirements of this section are addressed in the QAPjP
(Baumer and others, 1997, sections 6 and 8). The data-
reduction and validation methods, including the levels of
data validation, are adequately identified in these sections.
If the methods are rigorously followed, they should be
adequate for the needs of the program. However, as noted
in section 3.2, "Detection limits, statistical screening cri-
teria, and reporting of data," there have been inconsisten-
cies in applying data validation levels in the review pro-
cess.

Internal Quality Control Checks The requirements
of this section are addressed in the QAPjP (Baumer and
others, 1997, section 7 and table 2-12), and the SAP (Bar-
rie and Haney, 1997, section 3 and appendix B). The QC
identification and definition of QC sample types in the
QAPjP (Baumer and others, 1997) are very good. Consid-
eration should be given to the possibility of adding spiked
samples to this list. The specific identification of QA/QC
samples in the SAP tables (Barrie and Haney, 1997,
appendix B) is also very well thought out and is adequate
for program needs; however, the tables should be updated
to include the additional sampling rounds, wells, and
lysimeters.

Performance and System Audits.—The requirements
of this section are addressed in the QAPjP (Baumer and
others, 1997, section 8). As written, the procedures are
adequate to meet the needs of the program; however,
some concerns regarding laboratory selection and perfor-
mance were identified in the Task 5 report submitted to
DOE earlier in this investigation (U.S. Geological Survey,
1998).

Preventive Maintenance.—The requirements of this
section are addressed in the QAPjP (Baumer and others,
1997, section 5) and the SAP (Barrie and Haney, 1997,
appendix A). The procedures are adequate to meet pro-
gram needs.

Specific Routine Procedures Used to Assess Data 
Precision. Accuracy. and Completeness.—The require-
ments of this section are addressed in the QAPjP (Baumer
and others, 1997, section 2, tables 2-1 through 2-12, sec-
tion 9) and are adequate to meet program needs.

Corrective Action.—The requirements of this section
are addressed in the QAPjP (Baumer and others, 1997,
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section 10) and are adequate for the needs of the program
if properly implemented. Some reporting of data as iden-
tified in U.S. Geological Survey (1998) (see discussion in
this section titled "Data reduction, validation and report-
ing") indicate that implementation of corrective actions
may not be complete. This situation needs to be remedied.

Quality Assurance Reports to Management.—The
requirements of this section are addressed in the QAPjP
(Baumer and others, 1997, section 11) and are adequate
for the needs of the program.

The QAPjP (Baumer and others, 1997) meets the
EPA requirement of having a written and approved QA
plan (U.S. EPA, 1980, section 2.3), and, when combined
with the SAP (Barrie and Haney, 1997), provides a frame-
work for producing data of known and documented qual-
ity that meet the needs of the program. The few exceptions
are noted in the above 16 elements.

3.6 Reported detections in sediments and water

Data on surficial sediment and sedimentary interbeds
will be discussed first because this media is in close prox-
imity to the buried waste at WAG-7. Any radioactive
waste that is mobilized from the pits, trenches, or surface
soils may move through the unsaturated zone and contact
the sedimentary interbeds before reaching the aquifer.
Data for ground water from the regional aquifer and from
perched zones at WAG-7 will be discussed last.

3.6.1 Surficial sediments and sedimentary interbed data

Sampling of sediments for radionuclide analysis as
part of the environmental monitoring program at the SDA
began in the 1970's. The results of these studies (num-
bered 1-6) are summarized below.

(1) 1971-72 drilling program—During 1971-72, six
observation wells, called "interior wells," (USGS 91 to
USGS 96) were drilled within the SDA to depths of 72 to
92 m below land surface (Barraclough and others, 1976).
Well locations were selected (fig. 2-2) to provide repre-
sentative coverage of the burial ground and to avoid drill-
ing into or through any of the buried waste. Four addi-
tional wells, called "exterior wells," (USGS 87 to USGS
90) were drilled at locations surrounding the SDA
(fig. 2-2) to depths of 191 to 197 m below land surface.
Most of the sampling and analyses of drill cuttings and
core material were of the surficial sediments (below
0.5 m) and sedimentary interbeds B-C and C-D at depths
of about 34 m and 73 m. A total of 58 sediment samples
were analyzed; in 27 of these samples concentrations of
one or more of the anthropogenic radionuclides 60Co,

90
Sr, 

137
Cs, 140Ba/La, 238pu, 239,240pu, and 241Am were

statistically positive (defined by Barraclough and others,
1976, as exceeding the 2s counting error). Analyses from
the samples containing statistically positive concentra-
tions are shown in table 3-1 (Barraclough and others,
1976, table II). The largest concentrations of actinides in
subsurface samples from the interior wells were from the
B-C interbed at the 31- to 34-m sample interval from wells
USGS 93 and USGS 96:

238Pu144-3 pCi/kg
239,240pn540,12 pCi/kg
241Am230.±20 pCi/kg

The report by Barraclough and others (1976,
p. 74-83) contains an extensive discussion of potential
artificial contamination of the samples during drilling and
sample handling. The authors concluded that the potential
for artificial contamination was greatest for the four exte-
rior wells, which were drilled by using the cable-tool
method and water as the drilling fluid. Therefore,
although some statistically positive analytical results
(determined by using the 2s criteria) were obtained for
water from wells USGS 87, USGS 89, and USGS 90
(Barraclough and others, 1976, table IV), these results
may be artifacts of sampling; radioactive contamination
(from global fallout or INEEL operations) in the surficial
sediment could have been carried downhole and artifi-
cially contaminated the subsurface samples. Concentra-
tions of radionuclides in surface soil in and around the
Radioactive Waste Management Complex (RWMC) are
given in table V of the report by Barraclough and others
(1976); an extensive 1973 sampling (done by Aerojet
Nuclear Company) of surface soils from within the
RWMC showed an average 239'240N concentration of
2,300 pCi/kg. The six interior wells were drilled primarily
by using dry-air, wire-line rotary techniques, and special
precautions were taken to avoid contamination. Barra-
dough and others (1976, p. 87) concluded that there was
evidence of migration of anthropogenic radionuclides,
including isotopes of Am and Pu, to the B-C and perhaps
the C-D interbeds at the SDA.

(2) 1975 core drilling program—In response to the
USGS findings above, Aerojet Nuclear Company and
U.S. Energy Research and Development Administration
(ERDA)/Idaho Operations initiated a new drilling pro-
gram in 1975 (Burgus and Maestas, 1976). Three wells,
USGS 96A, 96B, and 93A (fig. 2-2), were drilled with air,
and continuous cores from the top of the first basalt layer
to the bottom of the C-D interbed were recovered. These
wells were drilled 3 to 15 m from wells USGS 96 and 93,
respectively, the wells noted by Barraclough and others
(1976) to have the greatest percentage of detections and
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the largest concentrations of most anthropogenic radionu-
clides measured. The wells are in the oldest part of the

burial ground. Contamination-control measures included

installation of ground-surface protection (clean gravel)

around each well, the use of an asphalt cover, a wooden

working platform, and other clean protocols to avoid con-

tact with the ground or dust.

Core samples for analysis were selected from the sed-

iment depths (within the B-C and C-D interbeds) at which

radionuclides had been detected during 1971-72 and from

a shallow sediment zone overlying the basalt at depths of
about 10 to 12 m below land surface. Radionuclide analy-

ses were performed at the same ERDA laboratory—

INEEL Health Services Laboratory, Idaho Falls—now the

RESL, using the same error propagation techniques that

were used previously. The method of calculation of uncer-

tainty in radiochemical analyses was consistent through

the 1987 sampling reviewed below (Dames and Moore,

1992, p. 32). Navratil (written commun., 1996) noted that
analytical procedures (presumably at RESL) were

changed in 1985 to decrease the possibility of interfer-
ences in Pu analyses (whether this improved procedure

was restricted to reanalyses of initially positive samples is

not clear). These new analytical procedures are presumed

to be those of Sill (1987) and Sill and Sill (1989) and are

described in appendix B of Dames and Moore (1992).

Data is shown in table 3-2 (Burgus and Maestas, 1976,

table 4). At the 2s uncertainty level, none of the results are

statistically positive. Burgus and Maestas (1976) sug-

gested that sample contamination may have been a factor

in radionuclide concentrations in samples analyzed by

Barraclough and others (1976).

The contamination-control measures developed for

this drilling program were used in the 1976-77 (Hum-

phrey and Tingey, 1978, p. 18), 1978 (Humphrey, 1980,

p. 5) and subsequent drilling programs (through at least

1987) (Dames and Moore, 1992, p. 35) aimed at assessing

contaminants in the interbed sediments. Arguments can

be made as to the amount of surficial sediment that would

have to be added to a sample to yield a measured concen-
tration in a subsurface sample (Barraclough and others,
1976, p. 79; Dames and Moore, 1992, p. 33). Such argu-
ments may make contamination seem unlikely as the
major factor in a measured concentration. However, as the
Dames and Moore (1992, p. 35) report aptly notes, the
potential for artificial contamination in the field or in the
lab is "an irresolvable issue." However, the potential for
its occurrence in the drilling programs conducted at and
near the SDA since 1972 has been minimized by the con-
tamination-control measures discussed in this section.

(3) 1976-77 core drilling program—In this EG&G
study, the work of Burgus and Maestas (1976) was contin-
ued by the drilling of six additional wells in the SDA and
one well in the Transuranic Storage Area (TSA) of the
RWMC during 1976-77 (Humphrey and Tingey, 1978).
The coring techniques and anticontamination measures
used by Burgus and Maestas (1976) were used again here.
Samples were collected for radiochemical analysis from
the A-B, B-C, and C-D interbeds; in addition, samples
were collected at irregular intervals from silt and clay
material filling fractures in the basalt and from the basalt
itself. Samples were analyzed either by the Allied Chem-
ical Corporation laboratory at INEEL (wells 76-1, 76-2,
76-3, fig. 2-2) or by DOE RESL (wells 76-4, 76-4A,
76-5, 76-6, 77-2 (fig. 2-2), and all reanalyses). Initial anal-
yses are shown in tables 3-3 and 3-4 (Humphrey and
Tingey, 1978, tables 1, 2). Reanalyses of splits from 13
samples (from the 15 samples showing the presence of
one or more radionuclides (at 2s level) upon initial analy-
ses) are shown in table 3-5 (from Humphrey and Tingey,
1978; table 5); the top number is the concentration mea-
sured initially, and the numbers below are the concentra-
tions measured during reanalysis. Upon reanalyses, only
one statistically positive result was obtained—that for
9°Sr from the top of the CnD interbed at well 76-1. Sam-
ples had been ground, sieved, and blended prior to the ini-
tial analyses, and splits (10 g) for reanalyses had been
removed from the same container. The analytical differ-
ences between the first and second analyses may reflect

sample heterogeneity problems. This seems unlikely,
however, given the 10-g aliquot size, unless contamina-
tion was caused by (1) "hot particles"—discrete particles
of high specific radioactivity in an otherwise uncontami-
nated matrix, (2) contamination introduced (despite strin-

gent laboratory protocols) into the first-round samples in

the laboratory, or (3) unaccounted-for uncertainty terms,

the cumulative effect of which is significant at these

extremely low radioactivity levels.

Reanalyzing separate aliquots from a given core sam-

ple and looking for repeated statistically positive results
qualitatively helps to rule out false positives. When the
first result is statistically positive and the second is not,
the discrepancy could be caused by an initial false posi-
tive, laboratory contamination during the initial analysis,
an inhomogeneity problem, or a false negative during the
second analysis; the situation here remains ambiguous.

On the other hand, if the statistically positive analysis is
repeatable, confidence in its accuracy is improved. The
strategy is to reanalyze only initially positive samples to

rule out false positives; the selective reanalysis approach
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may be justified for actinides because of the cost and
effort required for such measurements.

(4) 1978 core-drilling program—In 1978, three new
wells were drilled in the SDA, and core samples were col-
lected for analysis at RESL (table 3-6) (from Humphrey,
1980; table 1). Split samples from each selected depth
were analyzed. In addition, new samples from the cores
collected during 1976-77 (Humphrey and Tingey, 1978)
were analyzed for 238Pu, 239'240N, 241AM, 9°Sr, 144Ce,
137Cs, and 60Co (table 3-7) (Humphrey, 1980, table 2).

For the 1978 samples, there was only one case (238Pu
in a silt and gravel sample from near the top of the B-C
interbed of well 78-5) where there were statistically posi-
tive radionuclide concentrations in both of the split sam-
ples (3.1±1.0; 1.7±0.8 pCi/kg). None of the radionuclide
concentrations in the new 1976-77 samples were statisti-
cally positive.

(5) 1979 core-drilling program—Results of this study
were presented in an unpublished report (Waste Manage-
ment Programs Division, Collection and radiochemical
analyses of sedimentary interbed samples from the Radio-
active Waste Management Complex, Idaho National
Engineering Laboratory: 1979, EG&G-2083, February
1984). We were unable to locate a copy of the report, but
the findings were summarized and the data tabulated by
Dames and Moore (1992). In four samples from the B-C
interbed at two wells drilled in the SDA, concentrations of
one or more of the radionuclides 241Am, 238Pu, 239,240pu,

and 60Co in both splits were statistically positive at the 2s
level.

(6) 1986-87 core-drilling program—In fiscal year
1986, borehole D-02 (fig. 2-2) was drilled to the C-D
interbed. Radiochemical analyses by EG&G showed pos-
itive results (at the 3s level) for concentrations of 238Pu in
four splits from about 70 m (table 3-8) (from Laney and
others, 1988; table 20). Neither these results, nor a single
positive result for 239240PU in a sample from the same
interval could be confirmed by RESL. It is not apparent if
samples were collected from the B-C interbed (Laney and
others, 1988).

In fiscal year 1987, borehole TW-1 (fig. 2-2) was
drilled to the bottom of the C-D interbed within 4.5 m of
borehole D-02. EG&G radiochemical analyses of samples
from 31-m interval showed consistent (in multiple splits)
statistically positive concentrations of 238N, 239240N,
and 241Am(table 3-8) (from Laney and others, 1988; table
20). Reanalysis of available splits by RESL confirmed
these positive results (table 3-9) (Laney and others, 1988;
table 21). The largest actinide concentrations reported by
the RESL were 170±13 pCi/kg for 239'240PU, and
908±7.5 pCi/kg for 241Am. EG&G radiochemical analy-

ses of samples from the 69- to 69.5-m interval of the C-D
interbed at TW-1 showed no positive results (table 3-8)
(from Laney and others, 1988; table 20). Laney and others
(1988) concluded that isotopes of Am and Pu had
migrated to the B-C interbed; results from the C-D inter-
bed were deemed, as in earlier cases, inconclusive.

(7) Discussion of 1971-87 sampling—The shift in
the 1986-87 studies to a 3s decision criterion decreased
the chances for false positive results. At 2s, the chance of
a false positive is about 2.5 percent (or 1 in 40 samples).
At 3s, it is about 0.13 percent (or 1 in 769 samples). Table
3-10 A, B, C, and D (modified from Dames and Moore,
1992, tables 5-5 to 5-8), show all results (from both inte-
rior wells and background wells (wells USGS 86-90, and
wells 76-6 and 79-1) surrounding the SDA) from 1971 to
1987 that were judged to be positive at the 3s confidence
level. It is difficult to explain the fact that in Interval 1, 3
to 23 m below land surface (Dames and Moore, 1992),
which includes the A-B interbed and the fracture-filling-
material sample, there are no repeatable, statistically pos-
itive results. This is puzzling because the subsurface zone
closest to the buried waste would be expected to have the
largest radionuclide concentrations; indeed, there are
larger concentrations of 238Pu, 239'240PU, and 241AM in
the surface soils in areas around the SDA due to global
and regional fallout (for example, Nevada Test Site, local
emissions, and fugitive dust) than in the subsurface of the
SDA (Dames and Moore, 1992, p. 72-73). Perhaps this is
a reflection of the fewer number of samples in Interval 1
(27 samples) than in Interval 2 (which includes the B-C
interbed; 105 samples) and Interval 3 (which includes the
C-D interbed; 128 samples).

Table 3-10 lists samples from intervals between 3 and
80 m below land surface within and surrounding the SDA
in which statistically positive (at 3s level) radionuclide
concentrations were measured. Many discrepancies
between the data in the original reports and in subsequent
tabulations were found and are noted herein. Tables 3-11,
3-12, and 3-13 focus on the actinides 238Pu, 239'240, and
241Am in the B-C and C-D interbeds. The occurrence of
samples with statistically-significant (3s) detections, with
or without verification upon reanalysis, are tabulated
(tables 3-11, 3-12, and 3-13) and compared with similar
information in tables by Navratil (written commun.,
1996). Findings from this study are in general agreement
with those of Navratil (written commun., 1996); differ-
ences largely reflect wells considered in the sampling
pool. More statistically-significant (3s), repeatable detec-
tions occur in samples from the B-C interbed than from
the C-D interbed. Although there are statistically signifi-
cant concentrations of actinides in samples from the C-D
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interbed, and the evidence for 238PU at this depth in well
D-02 is strong (table 3-13), the evidence for actinide
transport to the B-C interbed is more compelling than that
to C-D interbed.

(8) Other approaches in the Dames and Moore (1992)
report—The purpose in each of the studies discussed
above was primarily to identify statistically positive
detections in samples from the subsurface at the SDA.
Dames and Moore (1992) compiled and analyzed this
data. In this 1992 study, statistical methods were used to
determine whether the concentrations in samples from
wells within the SDA boundaries were different from the
concentrations in samples from background wells outside
the boundaries of the SDA. Because the SDA data gener-
ally were not normally distributed, nonparametric statisti-
cal testing was used. A detailed analysis of the statistical
methodologies they used is beyond the scope of this
review. In summary, the entire 1971-87 data set without
associated uncertainties was tested primarily by using the
Wilcoxon Rank Sum test. Results show that in samples
from SDA interior wells:

• I44Ce was present in Interval 1 at concentrations
statistically larger than background (note: the maximum
concentration was not considered statistically positive at

the 3s level),

• 6°03, 241Am, 
238pu, and 239,240,--- -r-u were present in

Interval 2 at concentrations statistically larger than back-
ground, and

• anthropogenic radionuclide concentrations in Inter-
val 3 were not statistically larger than those in background

wells.

Another approach, described only briefly by Dames
and Moore (1992, p. 74) provides additional, qualitative

evidence of migration of radionuclides at the SDA. 'The
evidence supporting the conclusion of contaminant trans-
port from the SDA was investigated qualitatively by con-

ducting a between-interval comparison for the radionu-
clides identified above. The approach was similar to the

qualitative assessment of repeatability between intervals,

but was applied vertically. If a positive result for a specific
radionuclide is observed between intervals at a specific
location, this was considered supporting evidence of con-
taminant migration. Thus, the results from this evaluation
provide qualitative evidence that radionuclides have been
transported from the buried waste at the SDA. The follow-
ing radionuclides can be correlated vertically at the SDA
for the locations indicated: (a) 241Am was detected at well
USGS 93 in Intervals 1 and 2; (b) 241Am was detected in
well D-02 in Interval 1 and in Interval 2 at both wells 79-
2 and TW-1 (note: wells D-02, 79-1, and TW-1 were
grouped for comparison because of their close proximity

to each other); (c) 239'24°Pll was observed in well D-02 in
Interval 1 and wells 79-2 and TW-1 in Interval 2; (d)
239'240N was observed in well D-02 in Interval 3; and (e)
238PU was observed in Interval 1 at well D-02, in Interval
2 at well TW-1, and in Interval 3 at well D-02."

It should be noted here that the criterion used for
these detections (at 3s level) is less rigorous than the
repeatable, statistically positive (3s) criterion used earlier
in the Dames and Moore (1992, p. 66) report. For exam-
ple, although the results listed above invoke Interval 1
data, there were no repeatable, statistically positive results
in this interval.

(9) Additional investigations—Late in our review
process, we learned of additional data. Becker and others
(1996, p. 4-78) noted a 1993 study (Loehr and others,
1993) of archived cores collected from the SDA during
1971-89. Time did not permit detailed reanalysis of the
data from that study. These data, originally were analyzed
by a contract laboratory (Barringer Laboratories, Denver,
Colorado), but were not included in the 1992-94 Dames
and Moore compilation. Fifty-four samples from 21 wells
were analyzed for radionuclides, including 238PU,
239,240pu and 241

Am. Samples came from massive,
unfractured basalts, basalt rubble zones, sediment-filled
fractured basalt, and sedimentary interbed material from
the A-B, B-C, and C-D interbeds. The data do not contain
counting error statistics; these apparently were not pro-
vided by the laboratory. In 4 to 25 percent of the samples
from the fractured basalts, rubble zones, and sedimentary
interbeds, the concentrations of 241Am exceeded the
stated detection limit (0.12 pCi/g). These were the only
anthropogenic actinide detections (uranium isotopes
excluded), and their statistical significance cannot be
evaluated because of the omission of counting error data.

3.62 Perched-water and ground-water data

Perched water has been predominately located and

sampled in 6 of the 45 wells completed within the RWMC

(Scott Barrie, written commun., 1998). These perched
water zones are primarily above the C-D interbed, and
five wells routinely yield sufficient volumes of water for
analyses; these wells are USGS 92, 88-02D, D-10, 78-1
and 77-2 (figs. 2-2 and 2-3). In addition to these wells,
about 25 lysimeters are located within the SDA and are
sampled for radionuclides. All but one of the lysimeters
that yield water are within the perimeter of the SDA and

are completed to depths of from about 2 to 7 m. The one
lysimeter not within the SDA that yields water is about

30 m outside the perimeter. Since 1972, the site contractor
at the INEEL has sampled water from these perched wells
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and lysimeters at the RWMC. In that time, a total of 14
different radionuclides, including transuranics, have been
detected at least once. These detections were based on the
use of the 2s detection criteria as outlined in section 3.2
titled "Detection limits, statistical screening criteria, and
reporting of data." Reported detections of selected radio-
nuclides since 1972 are summarized in table 3-14.

Table 3-14. Number of radionuclide detections in water samples
from the perched water zone at the Radioactive Waste
Management Complex using the site contractor's criterion of
detection, 2s and greater (Scott Barrie, written commun., 1998)

Radionuclide
Total number Number of
of samples detections

241Am

233,234u

235u

238u

238Pd

239,240pu

230Th

75

16

46

19

43

40

8

5

7

7

7

8

8

3

These data were provided by LMITCO and were
reviewed first with the criteria of detection used by them
(2s) and then using the method recommended by the
National Institute of Standards Technology (NTST),
ASTM, and IUPAC (3s and greater after reviewing all
data between 1.6s and 3s). With so few detections
reported for a given radionuclide, a rigorous statistical
analysis was not possible, but some general observations
can be made.

Three of the five (table 3-14) reported detections for
241Am were in water or sediments from well USGS 92
(fig. 2-3). This well is completed to a depth of 65.5 m and
is within the SDA. The reported detections in water from
USGS 92 were 0.00041±0.00012 pCi/L in 1976 and
0.07±0.03 pCi/L in 1981; the reported detection in sedi-
ment was 0.0312±0.0129 pCi/kg in 1998. There is a tran-
scription problem with the 1976 value, which was cor-
rectly reported by the USGS as 0.041±0.012 pCi/L. It is
not correct to compare this value to the method detection
limit used by LMITCO (0.05 pCi/L). By hypothesis test-
ing this value may be a detection. Additionally, in 1997,
there was a reported detection from well W-25 of
0.629±0.233 pCi/L. The remaining detection of 241Am
reported for water from the perched zone at the SDA was
from lysimeter PA-03; the completion depth of this lysim-

eter is 3 m. The 241Am concentration in water from PA-03
in 1998 was 4.16±0.656 pCi/L. This concentration is a
valid detection by the application of hypothesis testing.

Six of the seven reported detections of 233'234U were
also in water from well D-06 and lysimeter PA-03. The
concentrations of 233'234U in the six water samples col-
lected from D-06 and PA-03 in 1997-98 ranged from
8.45±1.27 to 84.4±6.23 pCi/L. The remaining reported
detection of 233'234U (90±7.29 pCi/L) was in water col-
lected from well TW-1 at a depth of 102 ft in February
1998.

Seven detections of 235U were reported. The reported
detections for 235U were in water samples from two
perched-water wells (D-06 and TW-1) and two lysimeters
(PA-03 and W-08). The 235U concentrations ranged from
1.61±0.377 pCi/L in water from lysimeter PA-03 to
62.2±25.5 pCi/L in water from lysimeter W-08. Seven
detections of 238U were also reported for water collected
from the same two wells (D-06 and TW-1) and the two
lysimeters (PA-03 and W-08) as the 235U detections. The
238U concentrations ranged from 7.2±1.15 to 49.4±3.75
pCi/L.

Eight detections of 238Pu were reported. Because the
reported inventories of 238Pu at the SDA are about two
orders of magnitude smaller than inventories reported for
239,240N (Becker and others, 1998, table 4-1), any detec-
tion of 238Pu in environmental samples at the SDA is
questionable, especially in samples without detections of
239'24°N. The reported detections for 238Pu were in seven
water samples and one sediment sample from one lysim-
eter (PA-03) and three wells (USGS 92, D-06, and D-15;
the completion depth for D-06 is 26.8 m, and for D-15 is
29.9 m). The 238Pu concentrations ranged from
0.0063±0.0006 pCi/L in 1977 in water from USGS 92 to
24±2.05 pCi/L in water from PA-03 in 1997. The concen-
tration of 238Pu in the sediment sample was reported as
1.39±0.285 pCi/kg.

There were also eight reported detections of 239'24°PU
in water from wells and lysimeters in the perched-water
zone at the SDA. Three of the detections were in sediment
samples and three were in water samples collected from
USGS 92. The remaining two detections were in water
samples from lysimeter PA-03 and well D-15. The con-
centrations ranged from 0.023±0.008 pCi/L to 1.06±0.351
pCi/L. Because the stated method detection limit was
0.05 pCi/L, three of the reported detections for 239,240

probably were not true detections. Concentrations in all
three of the water samples collected at USGS 92 were
smaller than the method detection limit and, therefore,
should be viewed as nondetections. Information on recov-
ery and counting times for analysis of these samples was
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unavailable. For these reasons these three results must be
considered as nondetections.

The three detections reported for 230Th were in water
collected from one perched-water well (D-06) and one
lysimeter (PA-03). In August 1997, water collected from
the well had a 23Oni concentration of 1.18±0.477 pCi/L.
Water collected from lysimeter PA-03 in August 1997
had a 230Th concentration of 0.857±0.367 pCi/L; addi-
tionally, water collected from PA-03 in February 1998
had a concentration of 0.943±0.394 pCi/L.

These same data were reviewed using the recom-
mended method outlined previously. The number of
detections reported by the site contractor for 241Am and
238Pu in water and sediment samples from the unsaturated
zone remained the same. The number of detections for
239'24°Pu decreased to three and the largest concentration
was then 0.7 pCi/L. Regardless of the detection criteria
applied to these data, too few results were reported to
definitively and statistically confirm the occurrence of
radionuclides in water and sediments from wells and
lysimeters at the SDA. However, it is not prudent or sci-
entifically defensible to ignore true statistical detections.
It is recommended that samples be collected during epi-
sodic recharge events and that sampling frequency be
increased in areas where detections periodically have
been reported. All of the reported 233,234u, all but two of
the reported 235U, and all of the reported 238U concentra-
tions were still detections. None of the reported 230Th
concentrations were detections.

In 1992, the site contractor completed six ground-
water monitoring wells in the Snake River Plain aquifer at
the SDA. Between October 1992 and March 1998 two
detections for 239'240 and five detections for 241Am
were reported. The detections for 239'240Pu were 1.3±0.3
and 4.3±0.5 pCi/L. The concentration of 1.3±0.3 pCi/L is
questionable because the associated uncertainty is almost
30 percent of the result, and the result is about 1.5 orders
of magnitude larger than the method detection limit. The
associated uncertainty should not be this large. The same
concentration was repeated with an 241Am result that was
discussed in section 3.2 titled "Detection limits, statistical
screening criteria, and reporting of data.', The 241Am con-
centrations ranged from 0.045±0.013 to 1.13±0.3 pCi/L.
The smallest concentration, 0.045±0.013 pCi/L, is ques-
tionable because such precision is not possible for a con-
centration that is less than the method detection limit. For
apparent statistical detections at and below the method
detection limit, more QA/QC information should be pro-
vided for a defensible review.

3.63 Significance of reported detections

Regardless of the criteria used to report detections,
there have been positive occurrences of radionuclides in
the environment at the SDA. The source of the radionu-
clides is difficult to establish because of the small number
of statistically positive results. Possible sources include
cross contamination during sampling, radionuclides car-
ried to the subsurface during well completion, laboratory
contamination, global fallout from weapons tests of the
1950-60's, true radionuclide migration from buried waste
at the SDA, and wastes injected into the aquifer upgradi-
ent from the SDA at the TRA or INTEC. One way to help
delineate the source(s) of detected radionuclides would be
to determine isotopic ratios of plutonium and americium
in the environment. To better understand these apparent
detections in the subsurface at the SDA, increased sam-
pling, lower method detection limits, and increased coop-
eration between researchers is needed.

3.7 Summary

The following recommendations are offered in an
attempt to improve sample collection and analyses, data
generation and reporting, and overall quality assurance
and quality control for the program that has been charged
with generating data in support of the WAG-7 Compre-
hensive RI/FS.

(1) The decision as to whether to use a 2s or 3s detec-
tion (with consideration of concentrations between 1.6
and 3s) criterion has apparently yet to be resolved at the
INEEL (see Becker and others (1996; p. 4-76 to 4-77)). To
meet the requirements of the National Technology Trans-
fer and Advancement Act (Public Law 104-113), the
method recommended by ASTM should be considered
and applied to radionuclide data sets as a minimum
screening criteria (see section 3.4 of this report). Addi-
tionally, warning flags for exotic radionuclide isotopes
should be included in the computer data base and in
reports to the DOE and the State of Idaho.

(2) Data archiving problems were identified. Compi-
lations of data, which tend to supplant original data, need
greater QA. Additionally, all data generated in support of
this program should be made available to the INEEL
Earth-science community for review at the earliest time
possible after completion and a thorough QA/QC check.

(3) 237Np was highlighted in the SOW as a radionu-
clide of concern. This concern presumably stems from the
long half life (2.1x106 years), high radiotoxicity, signifi-
cant inventory in wastes, and the solubility and mobility
of Np5+ species in natural waters (Langmuir, 1997;
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Bertetti and others, 1998); however, no data for 237Np, in
either ground water or interbed sediments at the SDA was
presented for review. If monitoring for 237Np is not cur-
rently a part of this monitoring program, then it should be
added.

(4) Thermal ionization mass spectrometry and (or)
accelerator mass spectrometry for the determination of Pu
isotopes in ground water and sediment samples may allow
for lower detection limits than those achievable with
a-spectroscopy. Lower detection limits could be of value
in future sampling of the water and sediments at WAG-7.
Use of Pu isotope ratios may help to resolve source issues
(such as waste versus global fallout) at sites like well

USGS 87, which are upgradient and outside the SDA
perimeter.

(5) A consistent method of data validation needs to be
implemented. To date, all levels of validation from A
through C have been applied to radionuclide data.

(6) The reporting of more precision in the uncertainty
of an analytical result than is reported for the analytical
result should be avoided. For example, a 239,240 con-

centration of 1.06±0.351 pCi/L was reported for perched
water at the RWMC. It would be more appropriate to
report the uncertainty of the measurement as 0.35 or
0.4 pCi/L.
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Table 3-1. Concentrations of selected radionuclides in sediment samples collected in 1972 from wells at and near the Subsurface

Disposal Area (from Barraclough and others, 1976; table 2)

[Analyses performed at the Radiological and Environmental Sciences Laboratory. Sample depth intervals are in feet (ft) and inches (in.); concentrations are in
microcuries per gram times le. Symbols: <, less than; ±, plus or minus; [a] = rerun on different aliquot; [b] = ND, not detected; [c] = NA, not analyzed; and [d]
= statistically positive at the 95 percent confidence level]

Well Sample depth interval °to 90Sr 137Cs "%a/La Pu 239,240pu 241Am

USGS 87 231 ft 2 in.-233 ft <50 460±50 [d] <50 [b] <4.0 29.0±4.5 [d] <2.0

USGS 88 521 ft-522 ft [b] 400±90 [d] [b] [b] 15.0±3.0 [d] 22.0±3.0 [d] 5.0±3.0

USGS 89 241 ft 7 in.-243 ft 2 in. <3 640±70 [d] 40±10 [d] [b] [c] <1 2.0±3.0

540 ft-545 ft [b] 300±90 [d] [b] Ibl [b] [b] [b]

USGS 91 7 ft 10 in.-8 ft 11 in. [b] <4,200 [b] [b] [c] 26.0±4.5 [d] [c]

233 ft 9 in.-236 ft 3 in. <30 1,200±100 [d] <30 FA 3.0±1.5 0.5±1.0 12.0±4.5 [d]

236 ft 6 in.-237 ft [b] <3,300 [b] [b] [c] 140.0±7.0 [d] [c]

243 ft 2 in.-245 ft 1 in. <90 500±90 [d] <200 [b] 9.0±7.0 2.0±3.0 5.0±3.0

USGS 92 5 ft-7 ft 6 in. [b] 240±70 [d] [b] [b] [c] <1.0 [c]

88 ft 6 in.-90 ft <20 300±90 [d] <20 [b] 6.0±3.0 0.5±1.5 1.0±1.5

223 ft-225 ft 6 in. 230±20 [d] 300±90 [d] 130±30 [d] [b] 3.0±3.0 7.0±3.0 [d] 2.(}±1.5

USGS 93 13 ft 10 in.-14 ft <60 400±90 [d] <40 48±12 [d] 0.2±0.3 1.0±1.5 12.0±4.5 [d]

98 ft-101 ft 62±12 [d] <300 100±20 [d] [b] 8.0±1.5 [d] 110.0±7.0 [d] [c]

101 ft-103 ft <30 690±110 [d] <50 [b] 9.0±3.0 [d] 230.0±11.0 [d] 63.0±12.0 [d]

101 ft-103 ft [a] [1)] <200 [b] [b] 14.0±3.0 [d] 540.0±12.0 [d] 150.0±22.0 [d]

103 ft-105 ft <310 400±100 [d] <900 [b] [c] 81.0±11.0 [d] 45.0±6.0 [d]

USGS 94 98 ft 4 in.-98 ft 5 in. [b] 150±50 [d] [b] [b] [b] [b] [b]

262 ft 3 in.-264 ft 7 in. 250±.30 [d] <200 180±30 [d] [b] 4.0±3.0 3.0±1.5 1.0±1.5

USGS 95 20 ft-22 ft <50 200±90 [d] <40 [b] 5.0±3.0 3.0±1.5 2.0±3.0

112 ft-113 ft4 in. <30 <200 220±10 [d] [b] 0.5±1.0 0.5±1.0 3.0±4.5

226 ft 9 in.-229 ft 3 in. 240±30 [d] <200 230±30 [d] [b] 9.0±7.0 9.0±7.0 3.0±3.0

USGS 96 100 ft 6 in.-101 ft <20 <200 <40 [b] 6.0±1.5 [d] 45.0±2.0 [d] 10.0±7.0

110 ft-112 ft 11 in. <20 <200 <30 [b] 3.0±1.5 3.0±1.5 230.0±20.0 [d]

110 ft-110 ft 6in. <70 <40 [b] 9.0±7.0 0.5±1.0 30.0±6.0 [d]

122 ft 9 in.-123 ft 10 in. <70 200±100 550±40 [d] [b] 2.0±1.5 2.0±1.5 5.0±3.0

124 ft-124 ft 3 in. <90 200±90 [d] <90 [b] [c] <0.5 3.0±4.5

221 ft 7 in.-224 ft 1 in. <30 200±100 <40 [b] 1.0±3.0 4.0±1.5 [d] 6.0±3.0
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Table 3-2. Concentrations of selected radionuclides in sediment samples collected in 1975 from wells USGS 93 and USGS 96

(from Burgus and Maestas, 1976; table 4)

[Analyses performed at the Radiological and Environmental Sciences Laboratory. Sample depths are in feet. Concentrations are in microcuries per gram times
le (10-9 pCi/g) for 238Pu, 239•240Pu, and 241Am and in microcuries per gram times 10"9 (10-8 liCi/g) for 919Sr, 144Ce, 137Cs, and 60Co]

Sample

no.
Well Sample depth 238Pu 239,240 Pu 241Am 90Sr 1"Ce 137Cs 60Co

1 96A 34.8-35.1 0.6±1.1 0.1±0.6 -0.6±1.8 -10±4 16±11 -5±3 2±2

2 96B 35-40 0.5±1.1 0.2±0.6 -0.9±1.6 0±5 0±7 0±1 -0.3±1.0

3 96B 36.0 -0.5±1.0 0.1±0.6 -1.5±1.4 -6±5 0±10 -1+3 -3±2

4 96B 101.6-102.0 0.0±1.1 0.5±0.6 -1.2±1.5 -8±5 10±10 -2+3 -3±2

5 96B 106.4-106.8 0.7±1.1 0.1±0.6 -0.7±1.6 -6±5 20±10 1±2 2±2

6 96B 220.9-221.2 0.4±1.4 0.1±0.6 0.6±1.5 -2±5 10±10 1±2 2±2

7 96B 223.6-223.9 0.6±1.1 0.7±0.7 1.5±1.8 3±5 6±9 2±2 2±2

8 93A 80.2-80.6 0.5±1.5 -0.3±0.5 0.4±1.6 -2±5 10±10 4±2 2±2

9 93A 82.8-83.6 0.2±1.0 1.0±0.8 -0.3±1.6 -2±5 20±10 2±2 1±3

10 93A 89.0-89.5 -0.4±1.0 -0.3±0.5 -0.8±1.6 7±5 4±13 -1±2 2±2

11 93A 97.9-98.0 2.0±1.6 0.0±0.6 0.5±1.7 2±4 10±10 1±2 5±3

12 93A 100.6-100.9 2.0±1.5 0.0±0.6 -0.8±1.6 2±8 10±10 -1±2 1±2

13 93A 102.4-102.8 0.8±1.2 0.4±0.6 -1.6±1.6 6±4 10±10 -2±2 1±2

14 93A 221.5-223.5 -0.4±1.0 0.1±0.5 -0.6±1.6 5±5 -10±10 2±2 2±2

15 93A 226.5-226.9 -0.3±1.0 0.3±0.5 0.1±1.6 7±4 -10±10 -2+3 -5±2
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Table 3-3. Concentrations of selected radionuclides in sediment samples collected in 1976 from wells 76-1, 76-2, and 76-3 (from Humphrey
and Tingey, 1978; Table 1)

[Analyzed by Allied Chemical Corporation. Sample depths are in feet. Concentrations are in microcuries per gram times 10-9 (le µCi/g) for 238Pu, 239.240,
and 241Am and in microcuries per gram times io-8 (10-8 µCi/g) for 9°Sr, 1"Ce, 137Cs, and 60Co. Symbols: [a] = sample not analyzed; [b] = statistically positive at
the 95 percent confidence level; [c] = sample material not available for rerun; and [d] = sample reanalyzed (see table 3-5)]

Sample

no.
Sample depth 238Pu 239,240pu 241Am "Sr 1"Ce 137Cs "co

76-1-1 35.1 0.3±15.8 -10.8±20.1 [a] 5±4 5±15 10±6 2±4

76-1-2 29.2 -2.4±15.6 -29.2±19.9 [a] -2±3 -1±13 7±8 -0.1±3

76-1-3 84.7-86.3 2.3±4.8 6.8±5.3 [a] -6±5 60±111 0±4 0±7

76-1-4 92.3-93.7 1.7±5.5 2.2±5.9 [a] -3±5 0±20 -7±3 2±4

76-1-5 92.3 2.07±16.4 13.2±6.1 [b,c] [a] [a] 0±50 0±9 11±11

76-1-6 103.0-104.5 9.9±7.1 4.5±6.6 [a] -10±5 0±20 -1±5 4+4

76-1-7 217.2 10.7±4.2 [b,d] -4.8±4.0 [a] -5±3 10±20 0±4 0±2

76-1-8 221.0 6.3±16.4 14.4±21 [a] 49±6 [b,d] 0±10 1±2 -2±2

76-1-9 228.3 3.3±15.4 -1.7±20 2±1.6 7±8 2±11 -5±4 4±3

76-1-10 70.0-75.0 13.0±15.8 -21.6±20 [a] [a] 0±7 -3±2 0±3

76-2-1 16.0 5.7±5.6 -7.1.7 [a] -7±5 3±12 -3±3 -2±3

76-2-2 24.0 7.3±6.9 -10.7±6.3 [a] -4±5 20±20 5±4 0±4

76-2-3 24.3 33.0±16.6 1.1±5.4 [a] 1±4 -6±14 -4±2 -1±2

76-2-4 60.0 12.7±4.6 [b,d] -2.9±4.3 [a] [a] -5±12 8±3 [b,d] 2±4

76-2-5 82.5-83.5 5.7±4.0 11.5±4.4 [b,d] [a] -4+4 11±15 -7±3 0±4

76-2-6 223.0 5.9±15.6 1.7±20.1 [a] 3±4 0±10 5±3 1±2

76-2-7 235.0 1.8±15.7 0.7±20.1 [a] 8±6 -0.3±14 -5±5 -3±4

76-2-8 243.9 -0.6±15.5 6.6±19.9 [a] -2±6 -7±16 2±6 6±4

76-2-9 245.8 13.2±15.7 23.5±20.1 [a] -7±6 -9±9 -2±3 2±2

76-3-1 24.0-24.7 0.0±1.1 -0.6±1.0 0.0±1.2 0.4±4 -5±11 -7±4 1±3

76-3-2 25.8-26.8 -0.1±1.2 0.2±1.0 1±2 5±4 18±12 -8±5 6±3

76-3-3 96.5-96.8 -0.1±1.2 -0.7±1.1 0.3±1.4 9±4 [b,c11 0±10 -5±3 0±3

76-3-4 97.5-97.8 8.7±4.4 16.8±5.0 [b,d] 8.4±1.4 [b,d] 7±4 0±10 6±3 0±2

76-3-5 110.5-111.0 1.0±1.2 -0.4±1.1 2.7±1.2 [b,c] 4±3 23±13 1±5 2±3

76-3-6 119.5-119.7 26.3±17 2.0±20.9 [a] -7+4 2±3 4±4 6+4

76-3-7 222.5 23.7±15.8 -8.4±20 [a] 20±8 [b,d] 16±14 3±3 3±3

76-3-8 228.5 19.3±15.7 -7.4±19.9 [a] 5+4 40±20 1±3 2±3

76-3-9 240.4 1.3±4.5 10.7±5.6 [a] 7±4 3±10 2±3 9±5
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Table 3-4. Concentrations of selected radionuclides in sediment samples collected in 1976 from wells 76-4, 76-4A, 76-5, 76-6, and 77-2
(from Humphrey and Tingey, 1978; table 2)

[Analysis performed at the Radiological and Environmental Sciences Laboratory. Sample depths are in feet. Concentrations are in microcuries per gram times
(10-9 iiCi/g) for 238PU, 23924°Pu, and 241Am and in microcuries per gram times 10'8 (10-8 uCi/g) for 9°Sr, 144Ce, 137Cs, and 60Co. Symbols: [a] =

sample not analyzed , and [b] = statistically positive at the 95 percent confidence level (see table 3-5 for reanalysis)]

Sample no. Sample depth 239Pu 239,240pu 241Am 9°Sr 144ce 137cs "co

76-4-1 12.0 0.1±0.9 1.3±0.9 0.0±1.0 1±3 -100±100 1±2 2±2

76-4-2 20.0 0.0±0.8 0.4±0.6 -0.2±0.9 2±3 5±9 1±2 1±2

76-4-3 99.5 0.5±0.9 3.1±1.3 [b] 0.5±0.8 1±3 10±20 4±2 2±2

76-4A-1 23.5 0.0±0.7 1.0±1.0 21±3 [b] -4±3 -1±2 -2±10 0±2

76-4A-2 97.8 1.3±1.0 0.5±0.5 6.4±1.7 [b] 4±3 20±20 8±4 0±2

764A-3 223.5 0.7±0.9 1.2±0.8 0.0±1.0 0±3 -14±10 0±3 1±2

764A-4 226.0 1.0±1.0 -0.2±0.5 23±3 [b] 1±3 40±30 2±3 2±2

76-5-1 25.4-26.0 2.5±1.5 0.0±1.0 0.6±1.0 0±3 30±20 2±2 2±2

76-5-2 75.1 2.0±2.0 2.0±3.0 -1.0±1.0 0±3 -10±20 2±2 2±2

76-5-3 95.9 2.0±2.0 0.0±1.0 1.0±1.0 2±3 2±9 1±2 2±2

76-5-4 223.7 0.8±0.7 -0.7±0.5 -1.0±1.0 -2±6 8±10 2±2 2±2

76-5-5 114.3-114.8 0.6±0.9 0.8±0.7 0.0±1.0 3±3 4±9 -1±2 1±2

76-6-1 17.1 0.0±1.0 0.1±0.6 -0.9±0.7 4±4 -15±9 1±2 3±2

76-6-2 102.1 3.0±2.0 1.4±1.1 -1.4±1.5 9±5 -10±20 3±2 -2±2

76-6-3 232.2-233.2 2.9±1.4 [b] 0.9±0.9 0.0±2.0 -3±5 -25±13 -2±3 4±3

76-6-4 236.3 -0.2±0.8 0.5±0.7 0.0±2.0 2±3 10±10 1±2 1±2

77-2-1 19.2 3.0±2.0 0.0±2.0 2.0±2.0 [a] 60±30 2±6 4±4

77-2-2 27.7 -0.4±0.7 0.9±0.8 1.9±1.3 8±4 10±10 1±2 2±2

77-2-3 25.8-27.7 0.6±0.9 1.5±0.9 -0.7±0.7 5±4 -9±14 7±3 [b] 0±2
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Table 3-5. Concentrations of radionuclides 238pu, 239,240pu, 241 PIn
AM --Sr, and 137Cs in split samples reanalyzed on the basis of initially

statistically positive results listed in tables 3-3 and 3-4 (from Humphrey and Tingey, 1978; table 5)

[Analysis performed at the Radiological and Environmental Sciences Laboratory. Sample depth is in feet. Concentrations are in microcuries per gram times 10-9
(10-9 µCi/g) for 238PU, 239'24°PU, and 24IAm and in microcuries per gram times 10-8 (10-8 pCi/g) for 90Sr and 137Cs. Abbreviations: [a] = statistically positive at
95% confidence level but not at the 99% confidence level, and [b] = statistically positive at the 99% confidence level]

Sample no. Sample depth 238Pu 239,240pu 241Am 90Sr 137Cs
76-1-7

76-1-8

76-2-4

217.3

221.2

60.0

10.7±4.2 [a]

0.0 ± 1.0

12.7±4.6 [b]

0.0±2.0

49±6 [b]

42±5 [b]

8±3 [a]

1(}±10

76-2-5 82.5-83.5 11.5±4.4 [a]

0.0±1.0

76-3-3 96.5-96.8 9±4 [a]

1±3

76-3-4 97.5-97.8 16.8±5.0 [b] 8.4±1.4 [b]

0.0±1.0 -1.0±1.0

76-3-7 222.5 20±8 [a]

2±4

76-4-3 99.5 3.1±1.3 [a]

-0.7±0.9

76-4A-1 23.5 21±3 [b]

0.0±1.0

-1.0±1.0

76-4A-2 97.8 6.4±1.7 [b]

-0.0±1.0

0.0±1.0

76-4A-4 226.0 23±3 [b]

2.3±1.5

-1.0±1.0

76-6-3 232.2-233.2 2.9±1.4 [a]

0.0±1.0

77-2-3 7±3 [a]

-5±3
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Table 3-6. Concentrations of radionuclides 238pu, 239240Pu, 241 qn 144 in7AM -Sr, -Ce, --Cs, and 60Co in sediment samples collected in 1978 from
wells 78-2, 78-3, and 78-5 (from Humphrey, 1980; Table 1)

[Analysis performed at the Radiological and Environmental Sciences Laboratory. Sample depths are in meters. Concentrations are in microcuries per gram times
,104 (10-8 pCi/g) for 90Sr, 1"Ce, 137Cs, and 60Co and in microcuries per gram times Roue µCi/g) for 238Pu, 239,240pu and 241Am. Abbreviation: [a] =

statistically positive at the 95 percent confidence level; (A,B) = splits of the original sample]

Sample no. Sample depth 238Pu 239,240pu 241Am 90S1" 144Ce 137Cs 6000

78-2-1 (A) 29.99 -0.4±0.4 0.2±0.7 -1.0±1.0 -4+4 -4±4 2.5±1.3 2+1

78-2-1 (B) 29.99 -0.9±0.7 1.2±0.7 -0.57±1.2 3±4 -9±6 3±3 -4±2

78-2-2 (A) 30.33 0.2±0.5 0.3±0.5 -1.0±1.0 2±5 -13±6 -2±3 -2±3

78-2-2 (B) 30.33 0.1±0.5 0.9±0.8 1.0±5.0 1±3 -10±6 2±3 -5±3

78-2-3 (A) 30.54 0.1±0.5 0.2±0.5 -0.3±0.9 3±4 -5±6 -1±2 -3±2

78-2-3 (B) 30.54 0.2±0.5 0.9±0.9 0.1±0.1 4±3 -4±6 -5±2 -4±2

78-2-4 (A) 31.58 -0.6±0.3 0.6±0.4 0.0043±0.8 0±3 -3±6 -3±2 -2±2

78-2-4 (B) 31.58 0.7±0.8 2.0±1.0 1.0±0.9 2±3 -17±6 -2±2 -4±2

78-2-5 (A) 70.65 -0.9±0.8 0.5±0.6 -1.0±1.0 4±4 10±10 4+2 -3+2

78-2-5 (B) 70.65 -0.034±0.57 -0.4±0.7 -0.26±1.3 0±5 -10±10 1±2 -7±2

78-2-6 (A) 71.84 2.0±2.0 -0.1±0.3 33±3.0 [a] 2±3 8±14 -1±2 -1±2

78-2-6 (B) 71.84 0.4±0.7 0.3±0.9 -0.31±1.3 -7±4 -5±6 2±2 -3±2

78-2-7 (A) 72.66 -0.013±0.48 -0.026±0.49 0.4±0.7 3±4 -6±6 -6±3 -3±2

78-2-7 (B) 72.66 0.2±0.8 -0.7±0.5 0.7±0.9 4+4 -2±8 -10±4 -2±3

78-2-8 (A) 74.10 -0.8±0.4 -0.2±0.4 10.0±10.0 3±4 -10±10 3±2 -6±3

78-2-8 (B) 74.10 0.6±0.7 0.1±0.7 0.9±10.0 -3±5 0±9 -13±4 -3±3

78-3-1 (A) 28.10 -0.4±0.5 1.8±0.7 [a] 0.2±1.3 -2±4 -7±6 -3±2 -3±2

78-3-1 (B) 28.10 -0.6±0.4 0.4±0.4 -1.0±1.0 1±4 -12+7 1±2 -5±2

78-3-2 (A) 68.21 0.6±0.6 0.5±0.4 -1.0±1.0 2±4 -1±10 2±2 -3±2

78-3-2 (B) 68.21 -0.8±0.6 0.9±0.7 0.94±1.2 4±3 20±20 0±2 -3±3

78-3-3 (A) 69.16 -0.07±032 0.002±0.48 -0.34±1.3 0±3 10±10 0±3 0±3

78-3-3 (B) 69.16 -1.0±0.5 -0.1±0.5 0.48±1.0 -1±4 -5±7 7±2 [a] -6±3

78-3-4 (A) 70.20 0.9±0.7 0.2±0.2 0.2±0.9 2±3 9±15 4±3 1±3

78-3-4 (B) 70.20 1.2±0.8 -0.059±0.51 -0.53±1.0 4±4 3+7 1±3 -9±3

78-3-5 (A) 71.8] 2.0±1.0 0.4±0.6 -0.65±1.3 2±3 -15±8 1±2 2±2

78-3-5 (B) 71.81 2.0±3.0 0.15±1.4 -0.23±1.4 -4±4 4±8 -12±4 -2±3

78-3-6 (A) 72.76 -0.022±0.95 0.2±0.5 0.6±0.7 8±5 -6±7 -1±3 -5±2

78-3-6 (B) 72.76 1.0±1.0 1.3±0.9 0.2±0.8 0±4 -16±7 -0.4±3 -1±3

78-3-7 (A) 73.88 -0.021±0.46 -0.042±0.49 0.9±0.9 2±4 4±8 2±3 -1±3

78-3-7 (B) 73.88 -0.7±0.6 -0.5±0.6 2.0±1.0 12±4 [a] -8±7 3±3 -3±3

78-5-1 (A) 31.00 3.1±1.0 [a] 0.9±0.9 2.0±1.0 -5±3 3±6 4±2 -2±2

78-5-1 (B) 31.00 1.7±0.8 [a] 0.025±0.77 -1.0±0.7 -5±4 -8±7 3±2 -5±2

78-5-2 (A) 32.37 0.3±0.5 0.4±0.5 0.6±0.9 6±4 -19±7 -1±3 -3±3
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239 , 2414m, 90srr 144"-,
Table 3-6. Concentrations of radionuclides 238pu, 240pu Cs, and 60Co in sediment samples collected in 1978 from

wells 78-2, 78-3, and 78-5 (from Humphrey, 1980; Table 1)--Continued

Sample no. Sample depth 238Pu 239,240pu 241Am 90Sr 144Ce 137Cs 60Co

78-5-2 (B) 32.37 0.2±0.9 -0.041±0.75 0.5±0.9 -4±4 -3±7 -2±3 -3±3

78-5-3 (A) 33.59 0.13±0.65 0.4±0.3 7.0±4.0 -2±3 -4±14 4±2 4±3

78-5-3 (B) 33.59 0.2±0.5 1.3±0.9 1.0±1.0 5±3 -4+8 -10±4 -3±3

78-5-4 (A) 34.26 -0.2±0.5 0.9±0.5 0.3±0.9 2±3 -6±8 1±2 -4±2

78-54 (B) 34.26 -0.059±0.45 1.9±0.9 [a] 0.84±1.1 5±3 -12±6 -1±2 0±2

78-5-5 (A) 69.04 0.048±0.18 1.4±0.9 0.53±2.4 7±4 5±7 0±3 -2±2

78-5-5 (B) 69.04 0.8±0.9 -0.071±0.45 2.0±3.0 2±3 1±11 5±3 -4±3

78-5-6 (A) 70.13 -0.9±0.9 0.7±0.8 -0.91±1.2 -6±4 -26±8 -4±3 1±2

78-5-6 (B) 70.13 0.7±0.7 -0.9±0.6 2.0±1.0 1±4 -20±20 1±2 -5±2

78-5-7 (A) 70.99 -0.9±0.7 0.074±0.5 -0.75±1.5 -1±4 -3±8 5±2 [a] -3±2

78-5-7 (B) 70.99 -0.049±0.83 -0.7±0.6 0.82±2.2 2±4 1±8 1±2 3±2

78-5-8 (A) 73.24 -0.9±0.7 0.3±0.5 0.44±1.1 8±5 1±6 -3±3 4±3

78-5-8 (B) 73.24 3.0±1.0 [a] 13±2.0 [a] 3.0±4.0 -1±4 10±20 4+3 3±3
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Table 3-7. Concentrations of radionuclides 238pu, 239,240pu, 241Am, 90. 14Ce,137Cs, and 6000 in new samples taken from cores collected
during 1976-77 (from Humphrey, 1980; table 2)

[Analysis performed at the Radiological and Environmental Sciences Laboratory. Sample depth is in meters. Concentrations are in microcuries per gram times
10-9 (le µCi/g) for 238PU, 23924°Pu, and AtAm and in microcuries per gram times 10-° (10 µCi/g) for 9°Sr, I44Ce, 137Cs, and 60C°]

Sample no. Sample depth 238pu 239,240pu 241Am "Sr 144Ce 137Cs 60Co

76-1-1A 9.54 0.2±0.8 -0.043±0.45 -0.025±0.86 -1±4 -13±5 -2±2 0±2

76-1-2A 68.34 -0.023±1.2 -0.7±0.6 -0.34±1.2 -6±4 30±20 -2±5 -3±5

76-1-3A 69.01 -0.005±0.72 1.3±0.8 -0.3±1.3 -1±3 9±14 -3±4 -2±3

76-14A 69.43 0.6±0.7 0.031±0.53 0.38±1.1 4±4 -9±8 -4±4 -5±3

76- 1 -5A 69.59 -0.1±0.9 -0.4±0.5 0.37±1.0 7±4 14±9 1±2 0.9±2

76-2-1A 68.70 -0.009±0.63 0.6±0.8 -0.57±1.9 -3±3 -9±8 0±1.4 -3±3

76-2-2A 69.19 -0.8±0.7 0.2±0.6 0.074±0.94 1±3 -10±6 3±2 0.4±2

76-2-3A 71.14 -0.6±0.7 0.1±0.5 1.3±1.0 -5±3 10±10 -1±2 0.6±2

76-2-4A 71.69 0.3±0.5 -0.5±0.6 0.9±1.0 3±3 -9±8 -1±2 3±2

76-2-5A 72.97 -0.3±0.6 -0.5±0.5 -0.001±0.69 4±3 -2±7 -5±3 0±2

76-2-6A 73.97 2.0±1.0 0.5±0.6 -0.0±0.1 1±3 -20±7 -3±3 3±3

76-3-1A 30.27 -0.036±0.77 -0.04±0.02 0.55±1.0 2±4 -3±8 2±2 1±2

76-3-2A 31.85 -0.03±0.78 -0.7±0.6 0.6±0.9 1±3 13±13 7±4 -2±3

76-3-3A 32.40 0.1±0.4 0.1±0.4 0.2±0.7 4±4 -6±8 -1±1 0±2

76-3-4A 34.75 -0.6±0.5 0.2±0.1 0.1±1.0 5±3 -8±6 1±2 3±2

76-3-5A 35.36 -0.024±0.45 -0.7±0.5 -0.2±0.1 -1±3 -7±8 2±4 -1±2

76-3-6A 68.88 1.5±0.9 0.6±0.7 -1.4±0.9 -5±3 10±10 0±2 0±2

76-3-7A 70.81 -0.4±0.6 -0.4±0.5 10±10 2±3 -4±8 2±3 -4±3

76-3-8A 71.60 -0.45±0.45 -0.45±0.45 0.36±1.2 0±3 -2±8 0.5±2 1+1

76-3-9A 73.12 0.005±0.53 0.005±0.45 -0.3±0.6 -2±3 - I ±6 -4±2 -5±2

76-4-1A 7.01 -0.4±0.5 -0.4±0.5 3.0±2.0 4±3 3± 1 3 0.4±2 -2±2

76-4-2A 30.33 -0.6±0.9 0.003±0.33 0.4±1.0 -5±4 0.7±8 2±2 -2±2

76-4A-1A 69.49 0.1±1.0 0.007±0.52 0.033±0.93 5±3 -2±9 -5±4 -5±3

76-4A-2A 70.29 -0.9±0.6 -0.1±0.6 1.0±1.0 6±3 2±9 2±2 -8±4

76-4A-3A 71.14 0.2±0.7 0.2±0.5 0.018±0.94 2±3 -9±6 -2±2 0±2

76-4A-4A 72.05 1.1±0.7 -0.5±0.6 0.58±1.2 1±3 4±6 -1±2 0±2

76-4A-5A 73.03 0.2±0.8 -0.006±0.66 1.2±0.9 -3±3 7± 1 4 1±3 -7±4

76-4A-6A 73.82 0.2±0.7 -0.029±0.45 0.4±0.8 4±3 -8+8 -2±4 -1±3

76-4A-7A 74.19 0.8±0.8 0.083±0.58 -0.1±0.7 -2±4 0±8 1±2 0±2
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Table 3-7. Concentrations of radionuclides 238pu, 239,240pu, 241Am, 
qnSr,1 11— -44 Ce, --7Cs, and 60Co in new samples taken from cores collected

during 1976-77 (from Humphrey, 1980; table 2)—Continued

Sample no. Sample depth 238Pu 239,240pu 241Am 9°Sr 144Ce 137C9 60Co

76-5-1A 30.60 -0.016±0.72 -0.02±0.02 1.0±1.0 4±3 -7±8 2±2 3±2

76-5-2A 30.97 0.065±0.9 0.4±1.0 0.47±1.0 1±4 -11±8 -4±3 -4±2

76-5-3A 32.49 -0.005±0.4 0.3±0.4 0.4±0.8 -2±4 -10±20 3±2 -1±2

76-5-4A 33.07 0.01±0.61 0.009±0.53 0.5±0.8 5±3 -13±6 -5±2 2±2

76-5-5A 34.99 0.2±0.7 -0.7±0.6 -0.88±1.2 7±4 14±13 4±2 -4±3

76-5-6A 68.64 0.027±0.45 -0.6±0.6 0.1±0.8 -6±4 25±13 -1±2 -2±2

76-5-7A 70.20 -0.4±0.5 -0.4±0.5 1.1±1.0 -1+4 -1±7 1±2 0.4±2

76-5-8A 71.41 0.3±0.6 0.2±0.6 1.4±1.0 2±3 -2±6 4±2 -1±2

76-5-9A 73.82 -0.7±0.6 -0.5±0.6 -0.8±0.8 5±3 -7±8 -2±2 4±2

76-6-1A 71.54 -0.3±0.9 0.2±0.5 -0.003±0.92 1±4 0±20 -1±3 -8±3

76-6-2A 72.02 0.2±0.5 -0.5±0.5 0.5±0.9 -3+4 6±12 2±2 -1±3



Table 3-8. Concentrations of radionuclides 238pu, 239,240pu, 241Am, -Sr,—  and 137Cs in sediment samples collected in 1987 from wells D-02, D-06A, and TW-1 (from Laney and others,
1988; table 20)

[Analysis by EG&G Idaho, Incorporated. Sample depth is in feet-inches. Concentrations are in microcuries per gram (pCi/g). Symbol: * = sample result positive, >3a]

Sample Sample depth
interval

238Pu 239,240pu 241Am 9°Sr 137Cs

Result Exponent Result Exponent Result Exponent Result Exponent Result Exponent

Deep Hole D-02

D-13 1-2 to 1-8 2.6±0.2 E-07* 1.13±0.05 E-06* 1.52±0.06 E-06* 1.9±0.3 E-07* 7.2±1.0 E-08*

D-17 9-2 to 9-8 6±9 E-10 0.6±1.1 E-09 0.3±1.2 E-09 -2±3 E-08 1±8 E-09

D-20 15-6 to 16-0 1.49±0.18 E-08* 2.55±0.09 E-07* 5.0±0.5 E-08* 1.3±0.3 E-07* 10±7 E-09

D-30 233-10 to 224-4 1.3±1.3 E-09 8±9 E-10 -0.1±1.0 E-09 -2±4 E-08 -2±8 E-09

D-31 224-4 to 226-4 2.6±1.1 E-09 7±8 E-10 0.0±1.2 E-09 2±3 E-08 4±7 E-09

D-34 (field split) 230-0 to 230-4 6.5±1.9 E-09* 0.8±1.0 E-09 0.3±1.3 E-09 4±3.0 -0±7 E-09

D-34 (lab split) 230-0 to 230-4 3.22±0.17 E-08* 5.8±0.2 E-08*

D-34 (lab split 4,000-min. count) 230-0 to 230-4 1.5±0.4 E-09* 2±3 E-10

D-34 (lab split 4,000-min. count) 230-0 to 230-4 3.3±0.6 E-09* 3±4 E-10

D-34A (field split 4,000-min.
count)

229-8 to 230-0 2.4±0.7 E-09* 3±6 E-10

D-34A (lab split) 229-8 to 230-0 1.3±1.1 E-09 -3±7 E-10

D-34A (lab split) 229-8 to 230-0 1.4±1.1 E-09 4±6 E-10

D-35 232-3 to 232-7 1.6±1.7 E-09 1.1±1.0 E-09 -0.2±1.2 E-09 2±3 E-08 7±7 E-09

D-36 233-9 to 234-2 1.8±1.5 E-09 1.1±1.4 E-09 -0.3±1.2 E-09 2±4 E-08 0±6 E-09

D-37 234-9 to 235-2 1.4±1.1 E-09 1.0±0.9 E-09 0.2±1.4 E-09 -3±4 E-08 1.3±0.7 E-08
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Table 3-8. Concentrations of radionuclides 238PU, 239,240pu, 241AM, -Sr,—  and 137Cs in sediment samples collected in 1987 from wells D-02, D-06A, and TW-1 (from Laney and others,
1988; table 20)—Continued

Sample
Sample depth

interval

238pu 239,240pu 241Am 90Sr 137Cs

Result Exponent Result Exponent Result Exponent Result Exponent Result Exponent

Deep Hole D-06A

D-29 47-0 to 49-0 1.5±1.2 E-09 7±7 E-10 -2±9 E-10 4+3 E-08 5±2 E-08

Deep Hole TW-1

D-42 (field split) 101-0 to 101-2 1.7±0.2 E-08* 7.4±0.4 E-07* 4.4±0.2 E-07* 5±4 E-08

D-42 (lab subsplit) 101-0 to 101-2 1.18±0.17 E-08* 6.1±0.3 E-07* 4.7±0.2 E-07*

D-43A (field split) 101-2 to 101-7 4.6±1.4 E-09* 1.97±0.13 E-07* 1.03±0.08 E-07* 4±3 E-08

D-43 (field subsplit) 101-2 to 101-7 6.3±1.7 E-09* 1.9±0.13 E-07* 1.06±0.09 E-07*

D-43A (lab subsplit) 101-2 to 101-7 6.5±1.6 E-09* 2.00±0.13 E-07* 1.37±0.11 E-07*

D-47 225-9 to 225-11 -4±6 E-10 8±7 E-10 2±9 E-10 6±3 E-08

D-47 (lab subsplit) 225-9 to 225-11 7±7 E-10 2±6 E-10 0.5±1.0 E-09

D-48 226-10 to 227-7 0.8±1.1 E-09 3±6 E-10 1.2±1.4 E-09 3±3 E-08 3±1.6 E-08

D-48 (lab subsplit) 226-10 to 227-7 5±9 E-10 2±7 E-10 0.7±1.1 E-09

D-48 (lab subsplit) 226-10 to 227-7 6±7 E-10 7±7 E-10 0.6±1.2 E-09
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Table 3-9. Comparison of results obtained by EG&G (table 3-8) with results obtained by the Radiological and
and 241Am in samples from well TW-1, B-C interbed (modified from Laney and others, 1988; table 21

[Sample depths are in feet-inches. Concentrations are in microcuries per gram (pCi/g). Abbreviations: EGG = EG&G; RESL =
statistically postive >3cr; ND = presumably not detected]

Environmental Sciences Laboratory for radionuclides 238pu, 239,240pu,

Radiological and Environmental Sciences Laboratory; Symbol: * = sample result

Sample no. Depth
EGG RESL

238PU 239,240pu 241Am 238Pu 239,240pu 241Am

D-43A 101-2 4.6±1.4 E-09* 1.97±0.13 E-07* 1.3±0.08 E-08*t 10±3 E-09* 1.78±0.13 E-07* 8.47±0.95 E-08*

D-43A (lab subsplit) 101-2 6.3±1.7 E-09* 1.90±0.13 E-07* 1.06±0.09 E-07* ND 1.68±0.09 E-07* 9.08±0.075 E-07*

D-43A (lab subsplit) 101-2 6.5±1.6 E-09* 2.00±0.13 E-07* 1.37±0.11 E-07* 3.9±1.3 E-09 1.7±0.09 E-07* 1.07±0.09 E-07*

t Value here does not match that given for D43A (field subsplit) in Laney and others, 1988, table 20 [1.03 ± 0.08 E-07]
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Table 3-10. Summary of statistically significant (>3 a) concentrations for waste radionuclides in samples from selected depth intervals

and wells

A: Interval 1, 10 to 75 ft (3 to 23 m) below land surface.

B: Interval 2, 82 to 142 ft (25 to 43 m) below land surface.

C: Interval 3, 217 to 265 ft (66 to 81 m) below land surface.

D. Background sites

Summary of statistically positive results

Table 3-10A, B, C, and D is a modification of a summary table by Dames and Moore (1992, table 5-5, —6, —7, and —8, hereafter called D/M SUM) which

presents data for statistically positive results determined by using the 3s criteria. The 1992 report was revised in 1994 (Dames and Moore, 1994); however only

appendix A of the 1994 report (APX-94) was available for the preparation of this report. The picocurie units in appendix A of the 1992 report (APX-92) were

changed to nanocurie units to correct a major (3 orders of magnitude) conversion error. Other than the change in units, the statistically positive results in APX-94

are the same (with two exceptions) as in APX-92, which was used to prepare the D/M SUM. Data presented in this table (table 3-10) reflect the corrections made

in APX-94. In addition to the conversion error, other discrepancies were found among the data from the D/M SUM, APX-92 and APX-94 (D/M APX), and

tables in several reports in which results for the selected samples were first presented (tables 3-1 to 3-9 of this report). Samples for which there are discrepancies

are listed in boldface type, and results from each of the three data sources (D/M SUM, D/M APX, and the original tables) are listed. The type of discrepancy is

documented in the "Discrepancy" column (see below for explanation of discrepancies). Where there are differences among the tables, the original reports are

assumed to be correct.

Statistically positive results listed in the D/M APX from above 10 feet (3 meters) and below 500 feet (152 meters) below land surface are not in the D/M SUM and

are not included in table 3-10. Some information that is not in the D/M SUM was added to table 3-10 (year, depth interval, analytical laboratory, and replication).

Data from D/M SUM were reordered so that samples are listed by year in table 3-10. Sample that have statistically positive results are grouped by well and also

by depth interval. Dashed lines (---) indicate that data for the well interval are not presented in table 3-10. Where the depth listed in the D/M SUM is different

from that listed in the original report, the depth from the original report is listed in parentheses. Statistically positive results for replicate samples are listed

consecutively and indicated by a letter (A ,B, etc.) in the Replicates column. Statistically negative results for replicate samples are indicated by a number in the

Replicates representing the number of negative analyses. Below this number, the statistically negative values are listed. "No" in the Replicates column indicates

that no replicates were analyzed. In some cases, the replicates were analyzed in a different laboratory. The analyzing laboratories are abbreviated in the Lab

column as follows: RESL, Radiological and Environmental Sciences Laboratory (formerly Idaho National Engineering Laboratory Health Service Laboratory);

ACC, Allied Chemical Corporation; and EGG, EG&G.

Types of errors found:

0 Data verified against data in appendix A and the original report, except for probable rounding errors.

1 Data on Dames and Moore summary table does not agree with appendix A: uncertainty incorrect.

2 Data on Dames and Moore summary table does not agree with appendix A: exponent(s) incorrect; 2a both the value and

uncertainty incorrect; 2b either value or uncertainty incorrect.

3 Error corrected in Dames and Moore, rev. 3 appendix A.

4 Dames and Moore summary table does not agree with appendix A: well listed incorrectly.

5 Statistically positive value not listed in Dames and Moore summary table.

6 Data listed in appendix A does not agree with data in original report.

7 The original report (Laney and others, 1988) states that EGG values from Table 20 have been used to prepare Table 21,

however Am-241 value (nCi/g) 1.3±0.08 E-5 in Table 21 does not agree with 1.03±0.08 E-4 in Table 20. The former value

appears in App. A (1992) and has been changed to the latter value in App A, Rev. 3. Pu-238 value is (nCi/g) 1.18±0.17 E-5

in Table 20 and 1.18±0.17 E-4 in Table 21.

8 Not statistically positive

Verification not possible because 1979 original report is unavailable.



Table 3-10A. Interval 1 (10 to 75 feet (3 to 23 meters) below land surface). Modified from Dames and Moore (1992, summary table 5-5), and (for comparison when errors are noted)
data from Dames and Moore appendix A (1992 and 1994 revision) and data from the original reports, tables 3-1 through 3-9 (this report)

[Concentrations are in nanocuries per gram (nCi/g). Abbreviations: D/M SUM = Dames and Moore (1992, table 5-5); D/M APX = Dames and Moore (1992 and 1994 revision) Appendix A; ORIGINAL = Data
from original reports, tables 3-1 through 3-9 (this report)]

Year Well Depth (feet) Radionuclide Source Concentration Uncertainty Anal. lab Replicates Error

1972 USGS 93 13.83-14.00 9°Sr D/M SUM 4.00E-04 9.00E-05 RESL NO 0

1972 USGS 93 13.83-14.00 241Am D/M SUM 1.20E-05 3.00E-06 RESL NO 1, 8

D/M APX 1.20E-05 3.00E-06

ORIGINAL 1.20E-05 4.50E-06

1987 D-02 15.50-16.00 241Am D/M SUM 5.00E-05 5.00E-06 EGG NO 0

1987 D-02 15.50-16.00 238Pit D/M SUM 1.49E-04 1.80E-05 EGG NO 2a

D/M APX 1.49E-05 1.80E-06

ORIGINAL 1.49E-05 1.80E-06

1987 D-02 15.50-16.00 239,24°Pu D/M SUM 2.55E-04 9.00E-06 EGG NO 0

1987 D-02 15.50-16.00 9°Sr D/M SUM 1.30E-04 2.00E-05 EGG NO 1

D/M APX 1.30E-04 3.00E-05

ORIGINAL 1.30E-04 3.00E-05
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Table 3-1013. Interval 2 (82 to 142 feet (25 to 43 meters) below land surface). Modified from Dames and Moore (1992, summary table 5-6), and (for comparison when errors are
noted) data from Dames and Moore appendix A (1992 and 1994 revision), and data from the original reports, tables 3-1 through 3-9 (this report)

[Concentrations are in nanocuries per gram (nCi/g)]

Year Well Depth (feet) Radionuclide Source Concentration Uncertainty Anal. lab Replicates Error

1971 USGS 88 111.00-112.5 239,240pu D/M SUM 1.00E-05 0.00E+00 RESL NO 8

D/M APX 1.00E-05

ORIGINAL

1972 USGS 93 98.00-101.00 60Co D/M SUM 6.20E-05 1.20E-05 RESL NO 0

1972 USGS 93 98.00-101.00 239,240pu D/M SUM 1.10E-04 7.00E-06 RESL NO 0

1972 USGS 93 98.00-101.00 238pu D/M SUM 5

D/M APX 7.60E-06 1.50E-06

ORIGINAL 8.00E-06 1.50E-06

1972 USGS 93 98.00-101.00 137Cs D/M SUM 1.00E-04 2.00E-05 RESL NO 0

1972 USGS 93 101.00-103.00 241Am D/M SUM 6.30E-05 1.00E-05 RESL A 0

1972 USGS 93 101.00-103.00 241Am D/M SUM 1.50E-04 2.00E-05 RESL B 0

1972 USGS 93 101.00-103.00 239'24°Pu D/M SUM 5.40E-04 1.20E-05 RESL A 0

1972 USGS 93 101.00-103.00 239,240 D/M SUM 2.30E-04 1.10E-05 RESL B 0

1972 USGS 93 101.00-103.00 238pu D/M SUM RESL A 5

D/M APX 1.40E-05 3.00E-06

ORIGINAL 1.40E-05 3.00E-06

st
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Table 3-10B. Interval 2 (82 to 142 feet (25 to 43 meters) below land surface). Modified from Dames and Moore (1992, summary table 5-6), and (for comparison when errors are
noted) data from Dames and Moore appendix A (1992 and 1994 revision), and data from the original reports, tables 3-1 through 3-9 (this report)-Continued

Year Well Depth (feet) Radionuclide Source Concentration Uncertainty Anal. lab Replicates Error

1972 USGS 93 101.00-103.00 238
Pu D/M SUM RESL B 5

D/M APX 8.60E-06 3.00E-06

ORIGINAL 9.00E-06 3.00E-06

1972 USGS 93 101.00-103.00 "Sr D/M SUM 6.90E-04 1.10E-04 RESL NO 0

1972 USGS 93 103.00-105.00 "Sr D/M SUM 4.00E-04 1.10E-04 RESL NO 0

1972 USGS 93 103.00-105.00 241Am D/M SUM 4.50E-05 4.00E-06 RESL NO 1

D/M APX 4.50E-05 6.00E-06

ORIGINAL 4.50E-05 6.00E-06

1972 USGS 93 103.00-105.00 239'240 D/M SUM 8.10E-05 1.10E-06 RESL NO 2b

D/M APX 8.10E-05 1.10E-05

ORIGINAL 8.10E-05 1.10E-05

1972 USGS 92 88.5-90 "Sr D/M SUM 3.00E-04 9.00E-05 RESL NO 0

1972 USGS 94 95.92-102 90Sr D/M SUM 1.50E-04 5.00E-05 RESL NO 0

1972 USGS 96 100.50-101 239,24
0 D/M SUM 4.50E-05 2.00E-07 RESL NO 2b

D/M APX 4.50E-05 2.00E-06

ORIGINAL 4.50E-05 2.00E-06

3.0 Task 1: Review of radionuclide sampling program and available data at the Subsurface Disposal Area 
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Table 3-10B. Interval 2 (82 to 142 feet (25 to 43 meters) below land surface). Modified from Dames and Moore (1992, summary table 5-6), and (for comparison when errors are

noted) data from Dames and Moore appendix A (1992 and 1994 revision), and data from the original reports, tables 3-1 through 3-9 (this report)—Continued

Year Well Depth (feet) Radionuclide Source Concentration Uncertainty Anal. lab Replicates Error

1972 USGS 96 100.50-101 238pu D/M SUM RESL NO 5

D/M APX 5.90E-06 1.50E-06

ORIGINAL 6.00E-06 1.50E-06

USGS 96 110.00-112.92 241Am D/M SUM RESL A 5, 6

D/M APX 2.30E-05 2.00E-05

ORIGINAL 2.30E-04 2.00E-05

1972 USGS 96 110.00-112.92 241Am D/M SUM 3.00E-05 6.00E-06 RESL B 0

(110.00-110.50)

1972 USGS 96 122.75-124.75 137Cs D/M SUM RESL NO 5

D/M APX 5.50E-04 4.00E-05

ORIGINAL 5.50E-04 4.00E-05

1972 USGS 95 112.00-113.33 137Cs D/M SUM 2.20E-04 1.00E-05 RESL NO 0

1976 76-4A 97.8 241Am D/M SUM 6.40E-06 1.70E-06 RESL 2 0

(0.0±1.0E-6)

(0.0±1.0E-6)

1976 76-3 97.50-97.80 241Am D/M SUM 8.40E-06 1.40E-06 ACC 1 0

(-1.0±1.0E-6)
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Table 3-10B. Interval 2 (82 to 142 feet (25 to 43 meters) below land surface). Modified from Dames and Moore (1992, summary table 5-6), and (for comparison when errorsnoted) data from Dames and Moore appendix A (1992 and 1994 revision), and data from the original reports, tables 3-1 through 3-9 (this report)—Continued 
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D/M SUM

D/M SUM
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*
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*
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Table 3-10B. Interval 2 (82 to 142 feet (25 to 43 meters) below land surface). Modified from Dames and Moore (1992, summary table 5-6), and (for comparison when errors are

noted) data from Dames and Moore appendix A (1992 and 1994 revision), and data from the original reports, tables 3-1 through 3-9 (this report)—Continued

Year Well Depth (feet) Radionuclide Source Concentration Uncertainty Anal. lab Replicates Error

1979 79-2 99.90-101.71 23%24°Pu D/M SUM * B 5, *

D/M APX 3.70E-05 3.00E-06

ORIGINAL * *

1979 79-2 101.71-102.99 239,240pu D/M SUM A 5, *

D/M APX 3.80E-05 3.00E-06

ORIGINAL * *

1979 79-2 101.71-102.99 239,24°Pu D/M SUM B 5, *

D/M APX 3.60E-05 3.00E-06

ORIGINAL

1979 79-2 101.71-102.99 241Am D/M SUM 2.40E-05 3.00E-06 A

1979 79-2 101.71-102.99 241Am D/M SUM 2.00E-05 3.00E-06

1979 79-2 101.71-102.99 60co D/M SUM 5.20E-05 1.70E-05 3

(2±2E-5)

(-1±2E-5)

(-1±2E-5)

1979 79-3 100.69-106.2 60Co D/M SUM 2.50E-04 2.00E-05 A *

1979 79-3 100.69-106.2 60
Co D/M SUM 2.80E-04 2.00E-05 B
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Table 3-10B. Interval 2 (82 to 142 feet (25 to 43 meters) below land surface). Modified from Dames and Moore (1992, summary table 5-6), and (for comparison when errors arenoted) data from Dames and Moore appendix A (1992 and 1994 revision), and data from the original reports, tables 3-1 through 3-9 (this report)—Continued

Year Well Depth (feet) Radionuclide Source Concentration Uncertainty Anal. lab Replicates Error

1987 1W-1 101.00-101.17 239,240pu D/M SUM EGG A 5

D/M APX 7.40E-04 4.00E-05

ORIGINAL 7.40E-04 4.00E-05

ee
1987 TW-1 101.00-101.17 239'24°P0 D/M SUM EGG B 5

D/M APX 6.10E-04 3.00E-05 0

ORIGINAL 6.10E-04 3.00E-05 9:

1987 TW-I 101.00-101.17 24IAm D/M SUM 4.70E-04 2.00E-05 EGG A 0
a:

1987 TW-I 101.00-101.17 241Ain D/M SUM 4.40E-04 2.00E-05 EGG B 0 3

to
1987 TW-1 101.00-101.17 238

Pu D/M SUM EGG A 5
eo

D/M APX 1.70E-05 2.00E-06
3

(101) ORIGINAL 1.70E-05 2.00E-06
0.

o.
1987 TW-1 101.00-101.17 238

Pu D/M SUM EGG B 5, 7
F

eT
D/M APX 1.18E-05 1.70E-06 0.

(101) ORIGINAL 1.18E-05 1.70E-06

1987 TW-1 101.17 238Pu D/M SUM EGG A 5 0•

D/M APX 4.60E-06 1.40E-06 co

ORIGINAL 4.60E-06 1.40E-06

-et



Table 3-10B. Interval 2 (82 to 142 feet (25 to 43 meters) below land surface). Modified from Dames and Moore (1992, summary table 5-6), and (for comparison when errors are

noted) data from Dames and Moore appendix A (1992 and 1994 revision), and data from the original reports, tables 3-1 through 3-9 (this report)—Continued

Year Well Depth (feet) Radionuclide Source Concentration Uncertainty Anal. lab Replicates Error

1987 TW-1 101.17 238pu D/M SUM RESL B 5

D/M APX 1.00E-05 3.00E-06

ORIGINAL 1.00E-05 3.00E-06

1987 TW-1 101.17 238Pu D/M SUM EGG C 5

D/M APX 6.30E-06 1.70E-06

ORIGINAL 6.30E-06 1.70E-06

1987 TW-1 101.17 239,240Pu D/M SUM EGG A 5

D/M APX 1.97E-04 130E-05

(101.17-101.58) ORIGINAL 1.97E-04 1.30E-05

1987 TW-1 101.17 239,240pu D/M SUM RESL B 5

D/M APX 1.78E-04 1.30E-05

(101.17-101.58) ORIGINAL 1.78E-04 1.30E-05

1987 TW-1 101.17 239,240pu D/M SUM EGG C 5, 3

D/M APX 1.97E-04 1.30E-05

(101.17-101.58) ORIGINAL 1.90E-04 1.30E-05

1987 TW-1 101.17 239,240pu Dnvi SUM RESL D 5

D/M APX 1.68E-04 9.00E-06

(101.17-101.58) ORIGINAL 1.68E-04 9.00E-06
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Table 3-10B. Interval 2 (82 to 142 feet (25 to 43 meters) below land surface). Modified from Dames and Moore (1992, summary table 5-6), and (for comparison when errors are
noted) data from Dames and Moore appendix A (1992 and 1994 revision), and data from the original reports, tables 3-1 through 3-9 (this report)-Continued

Year Well Depth (feet) Radionuclide Source Concentration Uncertainty Anal. lab Replicates Error
1987 TW-1 101.17 239,240pu D/M SUM EGG E 5

D/M APX 2.00E-04 1.30E-05
04

(101.17-101.58) ORIGINAL 2.00E-04 1.30E-05
SI
N

1987 TW-1 101.17 239,240pu D/M SUM RESL F 5 CD
CD

D/M APX 1.70E-04 9.00E-06 O

(101.17-101.58) ORIGINAL 1.70E-04 9.00E-06 CD

CD
1987

1987

TW-1

TW-1

101.17

101.17

24IAm

241Am

D/M SUM

D/M SUM

1.37E-04

1.00E-04

1.10E-05

9.00E-06

EGG

RESL

A

B

0

0

a:
CD

9

1987 TW-1 101.17 241Am D/M SUM 1.30E-05 8.00E-06 EGG C 1, 7 1.0

D/M APX 1.30E-05 8.00E-07 a
rn

ORIGINAL 1.30E-05 8.00E-07 B

ORIGINAL 1.03E-04 8.00E-06 EGG C 5, 7

0).

1987 TW-1 101.17 241Am D/M SUM 8.47E-05 9.50E-06 RESL D 0
CD

CD

1987 TW-1 101.17 241Am D/M SUM 1.06E-04 9.00E-06 EGG E 0

1987 TW-1 101.17 241Am D/M SUM 9.08E-04 7.00E-06 RESL F 0 CT
V)

CS
00

O

O

01

CD
CD



Table 3-10C. Interval 3 (217 to 265 feet (66 to 81 meters)below land surface). Modified from Dames and Moore (1992, summary table 5-7), and (for comparison when errors are

noted) data from Dames and Moore appendix A (1992 and 1994 revision), and data from the original reports, tables 3-1 through 3-9 (this report)

[Concentrations are in nanocuries per grain (nCi/g)]

Year Well Depth (feet) Radionuclide Source Concentration Uncertainty Anal. lab Replicates Error

1972 USGS 95 226.75-229.25 60Co DIM SUM 2.40E-04 3.00E-05 RESL NO 0

1972 USGS 95 226.75-229.25 137Cs DIM SUM 2.30E-04 3.00E-05 RESL NO 0

1972 USGS 94 262.25-264.58 60Co D/M SUM 2.50E-04 3.00E-05 RESL NO 0

1972 USGS 94 262.25-264.58 137Cs D/M SUM 1.80E-04 3.00E-05 RESL NO 0

1972 USGS 92 223.00-225.50 60c0 D/M SUM 2.30E-04 2.00E-05 RESL NO 0

1972 USGS 92 223.00-225.50 137Cs D/M SUM 1.30E-04 3.00E-05 RESL NO 6

D/M APX 1.30E-04 3.00E-06

ORIGINAL 1.30E-04 3.00E-05

1972 USGS 92 223.00-225.50 "Sr D/M SUM 3.00E-03 9.00E-04 RESL NO 2a

D/M APX 3.00E-04 9.00E-05

ORIGINAL 3.00E-04 9.00E-05

1972 USGS 91 233.75-236.25 90Sr D/M SUM 1.20E-04 1.00E-04 RESL NO 2b

D/M APX 1.20E-03 1.00E-04

ORIGINAL 1.20E-03 1.00E-04
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Table 3-10C. Interval 3 (217 to 265 feet (66 to 81 meters)below land surface). Modified from Dames and Moore (1992, summary table 5-7), and (for comparison when errors are
noted) data from Dames and Moore appendix A (1992 and 1994 revision), and data from the original reports, tables 3-1 through 3-9 (this report)-Continued

CO

en

2,
0
0.

0

12:
3

eo
en

3

U2
12

0
02
CD

o.

e.

or
re
26
th

lD

or
ea

M.

es

C.,

Year Well Depth (feet) Radionuclide Source Concentration Uncertainty Anal. lab Replicates Error
1972

1976

1976

1976

1978

1978

1978

USGS 91

76-4A

76-4

76-1

76-1

76-1

78-2

78-3

78-6

78-3

78-3

236.50-237.00

226

221

221.2

235.7

(71.84m)

226.9

(69.16m)

242.39

(73.88m)

239,240pu

241Am

90Sr

90Sr

241
Am

137Cs

90Sr

D/M SUM

D/M APX

ORIGINAL

D/M SUM

D/M SUM

D/M APX

ORIGINAL

D/M SUM

D/M SUM

D/M SUM

D/M APX

ORIGINAL

D/M SUM

D/M APX

ORIGINAL

1.40E-04

1.40E-04

1.40E-04

2.30E-05

4.90E-04

4.90E-04

4.90E-04

4.20E-04

3.30E-05

7.00E-04

7.00E-05

7.00E-05

1.20E-04

1.20E-04

1.20E-04

7.00E-05

7.00E-06

7.00E-06

3.00E-06

6.00E-05

6.00E-05

6.00E-05

5.00E-05

3.00E-06

2.00E-05

2.00E-05

2.00E-05

4.00E-05

4.00E-05

4.00E-05

RESL

RESL

RESL

RESL

RESL

RESL

RESL

NO

2

(2.3±1.5E-6

(-1.0±1.0E-6)

A

B

1

(-0.31±1.3E-6)

1

(0±3E-5)

1

(2±4E-5)

2b

0

4

0

0

2b

4

0
12



Table 3-10C. Interval 3 (217 to 265 feet (66 to 81 meters)below land surface). Modified from Dames and Moore (1992, summary table 5-7), and (for comparison when errors are

noted) data from Dames and Moore appendix A (1992 and 1994 revision), and data from the original reports, tables 3-1 through 3-9 (this report)-Continued

Year Well Depth (feet) Radionuclide Source Concentration Uncertainty Anal. lab Replicates Error

1978 78-5 240.29 239,240pu D/M SUM 1.30E-05 2.00E-06 RESL 1 0

(73.24m) (0.3±0.5E-6)

1978 78-5 240.29 238Pu D/M SUM 3.00E-06 1.00E-07 RESL 1 2b

(73.24m) D/M APX 3.00E-06 1.00E-06 (-0.9±0.7E-6)

ORIGINAL 3.00E-06 1.00E-06

1987 D-02 229.67-230.00 238Pu D/M SUM 2.40E-06 7.00E-07 EGG 2 0

(1.3±1.1E-6)

(1.4±1.1E-6)

1987 D-02 230.00-230.33 238Pu D/M SUM 1.50E-06 4.00E-07 EGG A 0

1987 D-02 230.00-230.33 238Pu D/M SUM 6.50E-06 1.90E-07 EGG 2b

D/M APX 6.50E-06 1.90E-06

ORIGINAL 6.50E-06 1.90E-06

1987 D-02 230.00-230.33 238
Pu D/M SUM 3.22E-05 1.70E-06 EGG 0

1987 D-02 230.00-230.33 238Pu D/M SUM 3.30E-06 6.00E-08 EGG D 2b

D/M APX 3.30E-06 6.00E-07

ORIGINAL 3.30E-06 6.00E-07

1987 D-02 230.00-230.33 239.24°Pu D/M SUM 5.80E-05 2.00E-06 EGG 3 0

(0.8±1E-6)

(2± 3E-7)

(3±4E-7)
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Table 3-10D. Background sites. Modified from Dames and Moore (1992, summarytable 5-8), and (for comparison when errors are noted) data from Dames and Moore appendix A
(1992 and 1994 revision), and data from the original reports, tables 3-1 through 3-9 (this report)

[Concentrations are in nanocuries per gram (nCi/g)]

co-1cc
a

co

0.
as
0

o.

to,

o-
er)
0.

Year Well Depth (feet) Radionuclide Source Concentration Uncertainty Anal. lab Replicates Error

1971

1971

1971

1971

1979

1979

1979

USGS 87

USGS 87

USGS 89

USGS 89

79-1

79-1

79-1

231.17-233.00

231.17-233.00

241.58-243.17

241.58-243.17

114.8-121.19

121.59-123.39

139.70-141.70

9°Sr

239,240

137Cs

9°Sr

137Cs

137Cs

137Cs

D/M SUM

D/M SUM

D/M APX

ORIGINAL

D/M SUM

D/M SUM

D/M SUM

D/M SUM

D/M SUM

4.60E-04

4.60E-05

4.60E-05

2.90E-05

4.00E-05

6.40E-04

8.00E-05

8.00E-05

6.00E-05

5.00E-05

4.00E-06

4.00E-06

4.50E-06

1.00E-05

7.00E-05

2.00E-05

2.00E-05

2.00E-05

RESL

RESL

RESL

RESL

NO

NO

NO

NO

1

(0.2±1.5E-5)

1

(3±4E-5)

1

(-3±3E-5)

0

6

0

0

*

et

Q
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Table 3-11. Comparison of actinide data (238pu, 
239,240pu, and 241Am from tables 3-1 through 3-9 of this report) for the B-C and C-D

interbeds (modified from format of Navratil,1996, table 4)

Description of Data
B-C interbed C-D interbed

This study Navratil 1996 This study Navratil 1996

Number of wells showing statistically significant
(241Am, 239'240p and/or e 238piactinide) detection at

99—percent confidence level:

7a gaa 5b

Number of wells showing statistically significant
(239,240pu and/or 238Pu)actinide detection at 99— 6C 7ee

percent confidence level:

Number of post-1972 wells showing statistically
significant actinide (241Am, 239'240PU and/or 238N)

detection at 99—percent confidence level:

Number of post-1972 wells showing statistically
significant actinide (239•24°Pu and/or 238Pu) detection

at 99—percent confidence level:

3d

9bb

6'

5C 6ee 4f 5ff

4g 588 2h 2hh

This report
a 1972: wells USGS 93 and USGS 96

1976: wells 76-4A and 76-3

1978: well 78-5

1979: well 79-2

1987: well TW-1

b 1972: well USGS 91

1976: well 76-4A

1978: wells 78-2 and 78-5

1987: well D-02

1972: wells USGS 93 and USGS 96

1976: well 76-3

1978: well 78-5

1979: well 79-2

1987: well TW-1

d 1972: well USGS 91

1978: well 78-5

1987: well D-02

e 1976: wells 76-4A and 76-3,

1978: well 78-5

1979: well 79-2

1987: well TW-1

f 1976: well 76-4A

1978: wells 78-2 and 78-5

1987: well D-02

g 1976: well 76-3

1978: well 78-5

1979: well 79-2

1987: well TW-1

11 1978: well 78-5

1987: well D-02

Navratil, 1996

"1972: wells USGS 93 and USGS 96

1976: wells 76-4A and 76-3

1978: well 78-5

1979: well 79-2

1987: well TW-1

1988: well 88-01D

1'1'197 1 : wells USGS 87 and USGS 88

1972: wells USGS 91 and USGS 96

1976: well 76-4A

1978: wells 78-2 and 78-5

1987: well D-02

1989: well 89-01

" 1972: wells USGS 93 and USGS 96

1976: well 76-3

1978: well 78-5

1979: well 79-2

1987: well TW-1

1988: well 88-01D

dd 1971: wells USGS 87 and USGS 88

1972: wells USGS 91 and USGS 96

1978: well 78-5

1987: well D-02

ee 1976: wells 76-4A, and 76-3

1978: well 78-5

1979: well 79-2

1987: well TW-1

1988: well 88-01D

ff 1976: well 76-4A

1978: wells 78-2 and 78-5

1987: well D-02

1989: well 89-01

ea 1976: well 76-3

1978: well 78-5

1979: well 79-2

1987: well TW-1

1988: well 88-01D

hi' 1978: well 78-5

1987: well D-02



3.0 Task 1: Review of radionuclide sampling program and available data at the Subsurface Disposal Area 3-41

Table 3-12. Actinide detections (241Am 238Pu, and 239•240Pu) reported in tables 3-1 through 3-9 of this report from the B-C interbed
(modified from format of Navratil,1996, table 2)

[Concentrations are in nanocuries per gram (nCi/g). Values shown are from original tables. Symbols: * = one result at the 99—percent confidence level and one
non-detect duplicate; ** = one result at the 99—percent confidence level; *** = multiple results at the 99—percent confidence level]

Well

241Am 238pu 239,240pu

Results Concentration (with
exponent)

Results
Concentration (with

exponent)
Results

Concentration (with
exponent)

USGS 93 (1972) *** 6.3±1.0 E-5 *** 8±1.5 E-6 *** 1.1± 0.07 E-4

1.5±0.2 E-4 1.4±0.3 E-5 8.1±1.1 E-5

4.5±0.6 E-5 9±3 E-6 5.4±0.12 E-4

2.3±0.11 E-4

USGS 96 (1972) 3±0.6 E-5 ** 6±1.5 E-6 ** 4.5±0.2 E-5

76-3 (1976) 8.4±1.4 E-6 1.68±0.5 E-5

76-4A (1976) 6.4±1.7 E-6

78-5 (1978) 3.1±1 E-6

79-2 (1979) *** 2.2±0.2 E-5 *** 6.1±0.4 E-5

3.1±0.3 E-5 5.6±0.4 E-5

1.3±0.3 E-5 3.4±0.3 E-5

1.8±0.2 E-5 3.7±0.3 E-5

2.4±03 E-5 3.8±0.3 E-5

2±0.3 E-5 3.6±0.3 E-5

TW-1 *** 4.7±0.2 E-4 *** 1.7±0.2 E-5 *** 7.4±0.4 E-4

4.4±0.2 E-4 1.18±0.17 E-5 6.1±0.3 E-4

1.37±0.11 E-4 4.6±1.4 E-6 1.97±0.13 E-4

1.07±0.09 E-4 10±3E-6 1.78±0.13 E-4

1.3±0.08 E-5 6.3±1.7 E-6 1.9±0.13 E-4

8.47±0.95 E-5 6.5±1.6 E-6 1.68±0.09 E-4

1.06±0.09 E-4 3.9±1.3 E-6 2±0.13 E-4

9.08±0.08 E-4 1.7±0.09 E-4

1.03±0.08 E-4
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Table 3-13. Actinide detections (241Am, 238Pu, and 239•24°Pu) reported in tables 3-1 through 3-9 of this report from the C-D

interbed(modified from format of Navratill 996, table 3)

[Values shown are from the original reports. Concentrations are shown in nanocuries per gram (nCi/g). Symbols: * = one result at the 99—percent confidence level

and one non-detect duplicate; ** = one result at the 99—percent confidence level; and ** * = multiple results at the 99—percent confidence level]

Well

241Am 2.3,Pu 239,244:1pu

Results
Concentration (with

exponent)
Results

Concentration (with
exponent) 

Results 
exponent)

Concentration (with

USGS 91 (1972) ** 1.4±0.07 E-4

76-4A (1976) 2.3±0.3 E-5

78-2 (1978) 3.3±0.3 E-5

78-5 (1978) 3±1 E-6 1.3±0.2 E-5

D-02 (1987) *** 2.4±0.7 E-6 5.8±0.2 E-5

1.5±0.4 E-6

6.5±1.9 E-6

3.22±0.17 E-5

3.3±0.6 E-6



4.0 Task 2 Actinide transport processes

4.1 Introduction

The purpose of this chapter is to propose explanations
for the reported detections of actinides in the subsurface at
the Subsurface Disposal Area (SDA). The contractor pro-
vided selected historically reported detections of actinides
in the subsurface at the SDA which are summarized in
chapter 3. In that discussion, it was noted that the question
of whether the reported detections were the result of cross
contamination related to borehole drilling or the result of
migration in ground-water flow was unresolvable. The
possibility of cross contamination will not be discussed
further in this chapter. Flow in the fractured rocks and
sedimentary interbeds below the SDA was discussed in
chapter 2. Chapter 2 notes that there are several kinds of
preferential flow at the SDA: (1) macropore flow, (2) fun-
neled flow, and (3) unstable flow. These different kinds of
preferential flow could enhance migration of water and
dissolved solutes. Transport of actinides in all cases is
affected to some degree by the reactions between the
actinides and solid surfaces and colloids. This chapter
considers explanations of reported detections that involve
reactive transport of actinides with the movement of water
as the result of infiltration and recharge and includes
geochemical effects such as adsorption, colloidal trans-
port, and nonequilibrium effects.

42 Summary of geochemical characteristics at the
Subsurface Disposal Area

The geochemical and lithological settings at the SDA
are discussed in chapter 2. Geochemical characteristics at
the site can have a large effect on some or all of the
actinides considered. Specifically, water from perched
zones below the SDA and from the Snake River Plain
(SRP) aquifer have the following characteristics that can
significantly affect actinide transport: (1) a pH that ranges
from 7.8 to 8.4, (2) dissolved oxygen concentrations that
are nearly saturated to slightly supersaturated with respect
to air, (3) saturation indices that indicate the water is
typically nearly saturated with respect to calcite, and (4)
dissolved organic carbon (DOC) concentrations that are
generally smaller than 1 mg/L (Knobel and others 1992a)
or about 1 mg/L (Busenberg, USGS written commun.,
1999). Generally, larger DOC concentrations are in water
from wells that are contaminated by drilling-fluid
surfactants or show evidence of other anthropogenic
organic contamination (Busenberg, verbal commun.,
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1999). In a previous study (Leenheer and Bagby, 1982)
significantly larger DOC concentrations were measured
in INEEL ground waters; concentrations ranged from 1.6
to 18 mg/L.

Investigations of cores collected at the site indicate
that (1) calcite commonly occurs both in fractures and in
the sedimentary interbeds, (2) iron oxyhydroxides, which
can adsorb actinides strongly in certain conditions, are
commonly observed on fracture surfaces and in the
interbed sediments, and (3) clay minerals, most
commonly identified as illite, account for an average of 20
percent of the interbed sediments analyzed (Bartholomay,
1990c). Both smectite and mixed-layer smectite clays
were also observed in some interbed samples. These
characteristics define an environment that controls the
geochemical processes that affect actinide mobility. For
example, the presence of oxygen and carbon impact the
oxidation/reduction characteristics of the system. The
oxidation/reduction conditions control the redox state of
most actinides which affects the affinity of the chemical
species for the aqueous or solid phase. The mineralogy,
size, consolidation, and fracture pattern of the solid-phase
matrix and the chemical composition of the aqueous
solution will impact the rate and amount of sorption and
subsequent solute transport. Section 4.3.1 discusses the
speciation characteristics of Am, U, Np, and Pu and the
effect on mobility of each in SDA ground water. First,
however, the potential effects of speciation on transport
are discussed by considering a simplified example
(section 4.3). Section 4.4 discusses the effects of
chemically mediated and transport controlled kinetics on
sorption and desorption reactions, and section 4.5
discusses colloid facilitated transport of actinides.

4.3 Potential effects of speciation on actinide transport

A simple approach for describing adsorption of an
actinide to subsurface solids is to use a distribution coef-
ficient, or Ka value. Kd is the ratio of the concentration of
adsorbed solute to the concentration of dissolved solute:

Kd = -s- (4.1)
CAq

where:
Kd = distribution coefficient, in volume per mass;
Cs = mass of solute adsorbed per mass of adsorbent; and

= mass of solute dissolved per volume of water.
The commonly used retardation factor (RF) is defined

by the equation
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P RF = 1+ 6-Kd (4.2)

where:

Pb= bulk density of the porous medium, in mass per

volume;

= water filled porosity, in volume water per volume pore

space; and

RF = ratio of the velocity of a linearly sorbing chemical to

the velocity of a conservatively transported solute.

The term -e can be thought of as a conversion factor

necessary so that the concentrations of the sorbed solute

are expressed in the same units as those for concentration

of the dissolved solute. In other words, the concentrations

of sorbed solutes are expressed as mass sorbed per volume

(or mass) of water. It is convenient to define a new distri-

bution coefficient as:

Kr CA q(mol 
dissolved/L (or Kg) water)

Cs
(mol sorbed/L (or Kg) water)

(4.3)

where:
Kr = distribution coefficient that describes concentrations

of both the dissolved and adsorbed solutes relative to a

unit volume or mass of water.

The retardation factor then is defined by the equation

RF = 1 + Kr
(4.4)

Using K, as defined in equation 4.3, and RF as defined

in equation 4.4 has at least two advantages. First, most

geochemical speciation codes express concentrations of

adsorbed solutes in the same units as those used for dis-

solved solutes and therefore the simulation results can

easily be used to define a K, or RF value. Second, it is very

simple to convert between K, values and the correspond-

ing RF values.

As discussed in chapter 2, a significant limitation of

the Kd approach is that it does not account for the possible

variable chemical conditions in the subsurface or for the

possibly limited number of sorption sites. The surface

complexation model (SCM) is one approach that can
account for these effects. In this approach, the adsorbing

surface is considered to possess surface functional groups

that can form surface complexes analogous to the forma-

tion of aqueous complexes with ligands in solution
(Stumm and Morgan, 1996). The adsorption interaction is

written as a balanced chemical reaction and is described

by a mass action expression (equilibrium equation) that is

sometimes corrected for electrical double-layer effects
(Stumm and Morgan, 1981; Dzomback and Morel, 1990).
Figure 4.1 illustrates a simplified SCM for the adsorption

of U(VI) (UO2+2). In this model, UO2+2 can react with sur-
face sites to form a surface complex (SOUO2OH) or

UO2+2 can react with a ligand (L-n) to form an aqueous

complex (UO2L32-3n). If electrostatic effects and activity

corrections are ignored, the equilibrium equation for the
formation of the surface complex is:

(>S0 U2OH)(H+)2
Ks —   (4.5)

(>80H)(UO2+2)

where the quantities in parentheses are concentrations of
dissolved or adsorbed solutes in units of mol/L (or kg) of

water and the activity of water is assumed to equal 1.

KT for the simplified SCM illustrated in figure 4-1 can

be defined by assuming that (1) the surface site density

(ST) is constant and equal to the sum of >SOH and
>S0U020H, (2) the concentration of the ligand is con-

stant (a good approximation for the complexation of trace

concentrations of an actinide by carbonate in the presence

of calcite), and (3) the concentration of the aqueous com-

plex UO2L32-311 equals KL(UO2+2)(L)3. With these assump-

tions, Kr can be defined by:

Kr —
KSST

[Ks( U0:2)2 + (11+)2] + [1 + KL(L)3]

(4.6)

Although equation 4.6 does not replace the need to

model speciation by using a general-purpose geochemical

simulator, it can be used to illustrate the effects of specia-

tion on Kr in certain simplified cases. Equation 4.6 shows

that KT is a nonlinear function of Ks, UO2±2, H+, and L.°

and a linear function of ST. The bracketed term on the left

side of the denominator illustrates the competition

between UO2+2 and 1-1+ for the limited number of surface

sites. The bracketed term on the right side of the denomi-

nator accounts for the distribution of U(VI) between the

free (UO2+2) and the complexed species (UO2L32-3°).

Figure 4-2 illustrates the dependence of Kr on total

UO2÷2 concentration, pH, and the L concentration for

three pairs of Ks and ST values. These pairs of values

were selected to represent adsorption on a solid having a

few strongly adsorbing sites, a solid having many weakly
adsorbing sites, and an intermediate case. The solution

conditions, except as modified for each plot, are pH = 7,

total uranium ((UO2+2)T) = L = 10-6, and

KL = 1018. Figure 4-2a illustrates that at small UO2+2 con-

centrations, Kr is independent of UO2+2 and that Kr

decreases with increasing (UO2+2)/. concentration. This

change results because at small (UO2+2)T concentrations,

Ks(UO2+2) is much greater than (H+)2 and at large UO2+2

concentrations, Ks(UO2+2) is much greater than (H+)2. At

larger UO2+2 concentrations, the Ks(UO2+2) term domi-



nates and K, is inversely proportional to UO2+2. Figure
4-2b illustrates that log K, increases in proportion to the
pH until a plateau is reached that is dependent on the val-
ues of Ks and ST. Again, this change results from the rel-
ative importance of the term Ks(U024-2) versus (f14-)2 in
the denominator of equation 4.6. Finally, figure 4-2c illus-
trates that Kr decreases rapidly when the concentration of
ligand is larger than approximately 10-6 mol. At this con-
centration, and when the selected value of log KL equals
18, the value of KLL3 starts to exceed unity and Kr
decreases as the ligands in solution out-compete the
sur-face for the UO2+2.

These effects on Kr of UO2+2 concentration, pH, and
ligand concentration recently have been demonstrated in
a study of UO2+2 transport in columns packed with quartz
(Kohler and others, 1996). In that study, the retardation
factor changed by a factor of 3 in response to (1) a pH
change of 0.3 pH units, (2) a change in UO2+2 concentra-
tion by a factor of 50, or (3) the addition of 0.1 mM of flu-
oride, a moderately strong complexing ligand for UO2+2.

In the following sections, the results of speciation
calculations for Am, U, Np, and Pu are presented to illus-
trate the potential variability in adsorption properties of
ground waters at the INEEL.

43.1 Am, U, Np, and Pu chemistry and speciation

43.1.1Am

In ground water, Am exists only as the trivalent Am+3
ion. Arn+3 hydrolyzes to form Am0H+2, Am(OH)2+, and
Am(OH)3; in the presence of CO32, the species AmCO3+,
Am(CO3)2 and Am(CO3)33 also form. Silva and others
(1995) evaluated thermodynamic data for the formation of
these species, and complexes of Am(III) with F, SO4-2,
and PO43. These thermodynamic data were used in the
calculations listed below. Although the existence of
Am(III)-HCO3 complexes have been suggested in the lit-
erature, Silva and others (1995) discounted their exist-
ence.

Figure 4-3 shows the computed distribution of aque-
ous Am(III) species for variable Am(H1) concentrations
and Pc02 at different pH values. As in the speciation of
other actinides, the hydrolysis species are more important
at lower pH and Pc02 values. The extent of hydrolysis
increases with increasing pH, and at pH values above 7,
Am-CO3 complexes are the dominant aqueous species as
shown in figure 4-3a for le M Am and 10-3-5 atm CO2.
At a larger Am(III) concentration (10-5 M) and 10-3.5 atm
CO2, the distribution of species is almost identical to that
for le M Am(111) because no polynuclear Am(III) spe-
cies are formed at the larger Am(III) concentration. Am-
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CO3 species are still dominant at pH values above 7. At
10-2-5 atm CO2 and pH values above 6.5, the Am-CO3
complexes become the dominant species.

Data from two studies (Righetto and others, 1988;
Moulin and others, 1992) of the adsorption of Am+3 by
single mineral phases were fitted to a diffuse double layer
SCM by Turner (1995). The phases were quartz, a-alu-
mina, and 7-alumina. Kr values were calculated using the
SCM parameters reported by Turner (1995) for a pH
range from 4 to 10 and PC 2 equal to 10-3'5 and 10-2-5atm.
The results of these calculations are shown in figure 4-4.
The Kr values are smallest at low and high pH values, and
largest at almost neutral pH values. The range of Kr values
for the sorption of Am is very large. For the two different
forms of aluminum oxide, the Kr values differ by three
orders of magnitude. This difference is probably the result
of the limited amount of adsorption data available (only
one Am(III) concentration and one sorbent concentration
were available for each solid) and the differences in solid
properties. The Kr for sorption by quartz is smaller than
that for 7-alumina by another three orders of magnitude.

43.12 U

In subsurface environments, U exists primarily in
either the +4 oxidation state, U(IV), or the +6 oxidation
state, U(VI). Because minerals containing U(IV) are gen-
erally insoluble, most studies of U mobility in the subsur-
face consider only the U(VI) form. The U(VI) cation is
coordinated axially by two oxygen atoms. This arrange-
ment creates a linear species with a nominal charge of +2,
typically called UO2+2, which reacts to form many differ-
ent aqueous species in natural water. Because U(VI)
mobility is dependent on the competition between aque-
ous ligands and surface ligands, it is worthwhile to con-
sider the types and predominance of the different aqueous
species. Grenthe and others (1992) summarized thermo-
dynamic data for U(VI) speciation reactions with many
ions including OH-, CO3 ,-2  Cl-, SO42, F P043-.
Although the data in Grenthe and others (1992) were crit-
ically evaluated by an international committee assembled
by the Nuclear Energy Agency (NEA) of the Organization
for Economic Cooperation and Development (OECD),
use of the data could be limited because of the lack of data
for some species. For example, Grenthe and others (1992)
acknowledged that there are no thermodynamic data for
the formation of U orthosilicate (UO2Si02-2H20, soddy-
ite), even though x-Ray diffraction studies previously had
demonstrated that this solid exists. A second example of
the limitations of the data base in Grenthe and others
(1992) is that, although synthetic organic chelating agents
such as ethylenediaminetetraacetic acid (EDTA) and nat-
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ural organic matter are known to form strong to moder-

ately stn.., complexes with U(VI) (Choppin and Allard,

1985), ne er of these nor any other organic species are

included spite of these limitations and others (for

example, slow kinetics), it is instructive to use the avail-

able data to consider the aqueous complexes that could

form.

In natural water, U(VI) hydrolyzes to form multiple

hydrolysis species that can be either mononuclear (for

example U020H+, U020H2°, etc.) or, at large concentra-

tions, polynuclear (for example (UO2)3(OH)5-1-,

(UO2)3(OH)4+2, etc.). U(VI) also reacts with carbonate

ions in solution to form the U carbonate complexes

UO2CO3, UO2(CO3)22, and UO2(CO3)3-4. In addition to

these complexes, several U hydroxy-carbonate species

also can form. The formation of hydroxy and carbonate

complexes of U(VI) in natural water indicates that both

the pH and the P„2 are variables that control U(VI) spe-

ciation in ground water. Figure 4-5 illustrates the results

of speciation calculations for variable U(VI) concentra-

tions and P„2 at different pH values. At 10-7 M U(VI)

and atmospheric P„ , the mononuclear species are the

dominant forms of U(VI) in the system, although the num-

ber of coordinating ligands increases as pH increases. As

pH increases, the dominant form of U(VI) changes to

U020H+ at a pH of 5.5 and to UO2(OH)2° at a pH of 6.3

(fig. 4-5a). When pH is higher than 7.2, U(VI) — C032

complexes are the dominant species. At larger U(VI) con-

centration (10-5 M) and at atmospheric Pco polynuclear

species are more important. In these conditions, when pH

ranges from 5.8 to 8.5, the polynuclear species

(UO2)3(OH)5+ and (UO2)2CO3(OH)3 are the dominant

species and above pH 8.5 the UO2(CO3)3-4 complex is the

dominant species. Finally, when Pc02 is equal to 10-2.5

atm, a value more representative of soil Pc02 values and

approximately equal to the upper limit of P„2 values at

the SDA, the UO2—0O3 complexes are the dominant spe-

cies above pH 6 starting first with the monocarbonate

complex followed by the dicarbonate and tricarbonate

complexes (fig. 4-5c).

There have been several studies on the sorption of
U(VI) in well-defined systems. These include studies of

U(VI) adsorption on goethite (Tripathi, 1983), ferrihy-

drite (Hsi and Langmuir, 1985; Waite and others, 1994),
montmorillonite (McKinley and others, 1995; Pabalan

and others, 1997), quartz (Kohler and others, 1996), cli-

noptilolite (Pabalan and others, 1998), and alumina

(Pabalan and others, 1998). At low pH values, U(VI)
adsorption increases over a narrow pH range of approxi-
mately 1 to 2 pH units resulting in what is commonly
called an adsorption edge. The pH of the adsorption edge

varies with the adsorbing mineral and the amount of avail-
able surface area but is generally between 4 and 5. In the
absence of CO2 and at pH values up to approximately 9,
U(VI) is essentially completely adsorbed by goethite (Hsi
and Langmuir, 1985; Tripathi 1983).

In the presence of CO2, the adsorption is more com-

plex. The formation of UO2(CO3)22 and UO2(CO3)3"
results in decreased adsorption at high pH values. The pH

value at which sorption decreases varies as P„2 values

and surface properties change. In the presence of atmo-
spheric CO2 and when pH is higher than 8, practically no

U(VI) is adsorbed by goethite (Hsi and Langmuir, 1985;
Tripathi 1983) or ferrihydrite (Waite and others, 1994).

Modeling studies have shown that the adsorbing species
also may change in the presence of CO2. It has been pos-

tulated (Hsi and Langmuir, 1985; Tripathi, 1983; Waite

and others, 1994) that, in the presence of CO2, ternary

complexes involving a surface site, U(VI) and CO3-2 may

be significant, if not the most dominant surface species.

These postulated surface species eventually were con-

firmed by spectroscopy (Waite and others, 1994). Thus, in

the ferrihydrite and goethite systems, and perhaps in other

systems, CO3-2 complexation forms a stronger surface

species than species formed in the absence of CO32, but

the strength of this species is still insufficient to overcome

the aqueous carbonate complexes, particularly

UO2(CO3)3-4.

The surface complexation approach has been used in

at least five studies to model U(VI) sorption by different

mineral surfaces. Most of the data reported in these stud-

ies were fitted to the Diffuse Double Layer model (Dzom-

bak and Morel, 1990) or the Triple Layer model (Davis

and others, 1978). For this report, only results from the

Diffuse Double Layer model were considered. In many

instances the composition of the sorbed species is not

directly known from spectroscopy which often leads to a

trial-and-error approach to formulating the reactions in a

surface complexation model. Zachara and others (1995)

and McKinley and others (1995) inferred the surface spe-

cies from aqueous speciation calculations and suggested

that the surface species at the edge sites of clay minerals
(>X0-) were >X0-U022-1- and >X0-(UO2)3(OH)5. This

latter species contributes to the formation of a multinu-

clear species involving 3 UO2+2 ions. As in the case of

solution speciation, the formation of this complex should

depend on the total U(VI) concentration; however, multi-

ple total U(VI) concentrations were not considered. Waite

and others (1994) considered a range of U(VI) concentra-

tions of four orders of magnitude and found that the U(VI)

adsorption could be modeled by assuming that only

mononuclear complexes adsorbed on ferrihydrite and that



two types of sites having different binding energies
existed.

The reactions and the logarithms of the equilibrium
constants (log K) for the five different SCM's are summa-
rized in table 4-1.

The differences in the SCM's in table 4-1 illustrate
several different approaches that have been used to model
the sorption reactions. These differences are often the
result of assuming that the sorbed species is related to the
dominant aqueous species. Although this has worked well
for modeling the sorption of transition metals by ferrihy-
drite (Dzombak and Morel, 1990), the greater complexity
of the aqueous speciation of U(VI) solutions has led to
these different modeling approaches. Waite and others
(1994) used spectroscopic studies to evaluate the structure
of the adsorbed U(VI) species. This independent surface
information was used as a basis for writing the SCM reac-
tions. The variety of approaches illustrated in table 4-1
indicates that surface complexation modeling of U(VI) is
still an evolving process and that the optimal approach has
not been determined.

Although application of SCM's is still an evolving
process, it is useful to examine the Kr values for different
chemical conditions. Figure 4-6 shows the Kr value for the
SCM by Waite and others (1994) for a pH range from 4 to
10 and variable Pc02 and sorption site density. For a sys-
tem with a total adsorption site density of 1 millimole per
liter of solution (1 mM) and at atmospheric P„ , the Kr
values range from less than 1 at pH values near 4 and
above pH 8.6 to more than 1,000 at pH 7. If the P„ is
increased by a factor of ten to 10-2.5 atm (which is still in
the range of subsurface conditions at the SDA), the Kr val-
ues are significantly smaller at pH values above 7. Figure
4-6 also illustrates Kr values for a system with a Pc02 of
10-2.5 atm and total adsorption site density of 10 mM. For
this system, sorption is increased relative to the system of
1 mM sites and atmospheric P„2 below pH 7.5 but sorp-
tion is smaller above this pH. Although the total sorption
site density at the SDA is not well known, values in the
range from 1 mM to 10 mM may be reasonable based on
similar SCM studies at research sites near Bemidji, Minn.
and Cape Cod, Mass. as discussed in section 4.3.2.

Figure 4-7 illustrates Kr values for four of the SCM's
listed in table 4-1 for both atmospheric P„2 and 10-2.5
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atm CO2. The four different SCM's illustrate generally
similar behavior of Kr values in that the Kr values are
small at both low and high pH values and are largest at
almost neutral pH values; however, the range of Kr values
for the different mineral surfaces is significant. The Kr
values for quartz and montmorillonite are generally 1 to 2
orders of magnitude smaller than those for the iron-con-
taining solids goethite and ferrihydrite. This discrepancy
is greater at large P„2 values because the goethite and
ferrihydrite SCM's account for the formation of the ter-
nary UO2+2-0O3-2 surface complex, which counteracts,
to a limited extent, the tendency to form aqueous species
UO2(CO3)3-4. In the system with 10-2.5 atm CO2, the Kr
values are smaller than 30 at pH 8, which indicates that
U(VI) may be mobile in these conditions which are
present in some parts the subsurface at the SDA.

43.13 Np

In most ground-water environments, the dominant
oxidation states of Np are Np(IV) and Np(V). The aque-
ous stability field of Np(V) is particularly large. In oxidiz-
ing environments, such as those at the INEEL, Np(V) is
the dominant oxidation state and Np02+ probably is the
dominant aqueous species.

Sorption behavior of Np(V) on quartz, clinoptilolite,
montmorillonite and a-alumina generally is similar
(Bertetti and others, 1998). Sorption of Np(V) increases
with increasing pH up to a pH of 8 to 8.5, at which point
sorption may decrease. If the CO2 concentration in ground
waters is in equilibrium with atmospheric CO2, the
increased formation of aqueous Np(V) carbonate com-
plexes inhibits the sorption of Np(V). The dependence of
Np(V) sorption on pH results in a change of about one
order of magnitude in the effective Kd values for a change
of 1 to 2 pH units in a given experiment.

Surface complexation data for conditions in which
CoP values are larger than atmospheric are sparse. Gen-

erally, soil P„2 values can be expected to exceed atmo-
spheric P„2 values by about 2 orders of magnitude.
When P„ values are large, Np hydroxy-carbonate sur-
face complexes could possibly be important, given that
such complexes have been found important U(VI) sorp-
tion on ferrihydrite (Waite and others, 1994).
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Table 4-1. Surface complexation models for describing the adsorption of MO by selected mineral surfaces

[Log K, logarithm of the equilibrium constant; References: A = Pabalan and others, 1998; B = Payne and others, 1992; C = Pabalan and Turner, 1996; D =Turner,
1995; E = Waite and others, 1994]

Mineral surface Reaction Log K Reference

Quartz

Kaolinite

Montmorillonite

Goethite

Ferrihydrite

SiOH = SiO" + H+ -7.20 A

SiOH + U022+ = SiOUO2+2 + 0.3

SiOH + UO2+2 + H2O = SiOU020H + 2H+ -5.65

SiOH + 3UO2+2 + 5H20 = SiO(UO2)3(OH)5 + 61-1+ -16.75

SiOH = SiO" + -7.2

SiOH + UO2+2 = SiOUO2+ + H+ 0.96

SiOH + UO2+2 = SiOUO2+2 5.73

SiOH + UO2+2 + H2O = SiU020H + 2H+ -5.84

AIOH + H+= A10H2+ 8.33

AIOH = A10- + 1-1+ -9.73

Al OH + UO2+2 = A10UO2+ + H+ 2.18

A1OH + UO2+2 = A10HUO2+2 + H+ 9.20

AIOH + UO2+2 + H2O = AlU020H + 211+ -4.74

SiOH = SIC/ + HT -7.20

SiOH + UO2+2 = SiOUO2+2 + it 2.6

SiOH + 3UO2+2 + 5H20 = SiO(UO2)3(OH)5 + 6H+ -15.29

A1OH + H+ = A10H2+ 8.33

A101-1 = A10- + H+ -9.73

AIOH + UO2+2 = Al0UO2 + H+ 2.7

AIOH + 3UO2+2 + 5H20 = A1(UO2)3(OH)5 + 61-e 14.95

FeOH + H+ = Fe0H2+ 6.47

FeOH = Fe0- + -9.03

FeOH + UO2+2 + CO3-2 + it = Fe0HUO2CO3H+ 17.43

FeOH + = Fe0H2+ 6.51

Fe0H = Fe0- + 1-1" -9.13

FeOH + H2CO3 = FeCO3H + H2O 2.90

FeOH + H2CO3 = FeCO3 + H2O + it -5.09

(Fes(OH)2) + UO2+2 = (Fes02)UO2 + 2H+ -2.57

(Few(OH)2) + UO2+2 = (Few02)UO2 + 21-I+ -6.28

(Fes(OH)2) + UO2+2 +• CO3-2 =• (Fes02)UO2C032 + 211+ 3.67

(Few(OH)2) + UO2+2 +• CO3-2 =• (Few02)UO2C032 2H1 -0.42



43.1.4 Pu

Cleveland (1979) and Carnall and Choppin (1983)
discussed the chemical behavior of Pu in natural environ-
ments and in laboratory experiments. The results pre-
sented in these references, particularly in Cleveland's
compilation of Pu data (Cleveland, 1979), indicate that
there are many uncertainties in attempting to predict, or
even to describe, the chemical behavior of Pu in ground-
water environments. Although a large amount of thermo-
dynamic data for Pu have been collected, and several ther-
modynamic data bases are currently available (the
HATCHES and EQ3/6 data bases), there are many uncer-
tainties regarding the accuracy and consistency of these
data. For example, most Pu speciation constants have
been determined by using acidic solutions of HC1, HC1O4,
or HNO3. Use of acidic solution raises some troubling
questions: How valid are these speciation constants? How
valid is the Pu aqueous thermodynamic model when
higher pH values are used, such as those between 8 and
8.5 that are generally found in ground water at the
INEEL? Have all the relevant speciation and complex-
ation reactions that are likely to predominate when pH
values are high been documented and appropriately deter-
mined? The problems posed by Pu(IV) hydrolysis and
Pu(OH)x polymerization as pH values are increased indi-
cate why most complexation and speciation reactions,
especially for Pu(IV) species for conditions in which pH
values are low, have been studied. The formation of
Pu(IV) hydroxide polymers is well documented in the lit-
erature, and yet the conditions that cause the polymers to
be in colloidal form or to precipitate out of solution and
the conditions that cause depolymerization are not well
known. The polymerization reaction is not accounted for
in either the EQ3/6 (Wolery, 1992a, 1992b; Wolery and
Daveler, 1992) or HATCHES (Cross and Ewart, 1991)
thermodynamic data bases. Even if thermodynamic data
were available, their usefulness could be limited by the
relatively slow kinetics of polymerization, especially
depolymerization. The question of colloid stability also
would arise.

Although the complexation behavior of Pu with com-
monly used laboratory chelates such as EDTA is rela-
tively well understood, the complexation behavior of Pu
in contact with natural organic matter in both dissolved
and solid forms is not well understood. Preliminary indi-
cations are that, in waters from granitic or sedimentary
formations, organic complexes probably dominate the
speciation of trivalent actinides (such as Am3+) and that
inorganic complexes (such as hydroxide or carbonate spe-
cies) probably dominate the speciation of pentavalent and
hexavalent actinides (Np, U, Pu) (Moulin and others,
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1992). Of course, in ground water having large concentra-
tions of organic carbon (dissolved or solid), high oxida-
tion states of actinides eventually may be reduced to triva-
lent or tetravalent oxidation states by oxidation of the
organic carbon.

The oxidation state of actinide ions strongly deter-
mines their chemical interactions. In general, actinides in
trivalent, tetravalent and hexavalent states are strongly
complexed by carbonate, humate, and hydroxide ligands,
moderately complexed by SO4 and F, and weakly corn-
plexed by Cl (Jensen and others, 1996). Actinides in the
pentavalent state, such as Np and Pu, however, show con-
siderable aqueous stability even in the absence of corn-
plexing anions such as carbonate (Jensen and others,
1996).

Although Pu Kds, that is, the distribution of gross Pu
between aqueous and solid phases (generally crushed in
the case of hard rocks or consolidated materials), have
been measured during numerous experiments, relatively
few specific surface complexation and ion exchange con-
stants from these experiments have been determined.
Although Kds can be useful practical indicators of radio-
nuclide sorptive affinity, the Kd measurements them-
selves often are made with little attention to the chemical
processes responsible for the distribution. The results are
generally applicable only to the specific conditions under
which the experiments were carried out and, conse-
quently, may be difficult to use in the prediction of radio-
nuclide transport (see section 5.2.1).

Finally, it must be acknowledged that, although a
high-quality thermodynamic data base capable of fully
describing the aqueous speciation of Pu and its potential
sorption and precipitation/dissolution reactions would be
useful, such a data base still would not necessarily be able
to predict the behavior of Pu in the ground-water environ-
ment. Indeed, many reactions may be limited kinetically
and, therefore, a thermodynamic description would be of
limited use. Predicting the transport behavior of Pu is also
difficult because of the complexity and chemical and
physical heterogeneity of natural ground water. The vari-
ability of the redox environment and the redox sensitivity
of Pu make accurate transport predictions particularly dif-
ficult.

In most ground water, Pu exists in more than one oxi-
dation state. In reducing environments, Pu(III) and Pu(IV)
are the dominant oxidation states. In oxidizing environ-
ments, such as those at the INEEL, Pu(IV), Pu(V), and
possibly Pu(VI) are the dominant oxidation states. Unless
F, P, and SO4 concentrations are very large, oxide,
hydroxide, and carbonate complexes of Pu can be
expected to be the dominant species.
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Pu(V) and Pu(IV) sorption on y-alumina and goethite

generally increases as a function of pH (Turner, 1995);

however, Pu(IV) sorption on goethite occurs at pH values

between 2 and 6, whereas Pu(V) sorption on goethite

occurs at pH values between 4 and 8. Pu(V) sorption on

y-alumina also occurs at pH values between 6 and 10. In

contrast, Pu sorption on amorphous silica or on quartz is

expected to occur at much lower pH values because of the

much lower pHipc (the pH point of zero charge), near 2,

of these materials compared with that of the iron and

aluminum oxyhydroxides, which generally occurs

between 7 and 9.

Because U(VI)-carbonate complexes, which are sim-

ilar to Pu-carbonate complexes, generally sorb and form

surface complexes, Pu carbonate complexes also may

sorb and form surface complexes; however, there is no

current (1999) information on the possible formation of

these complexes.

4.a2 Speciation calculations for aqueous Am, U, Np,
and Pu in INEEL waters

432.1 Speciation calculations for aqueous Am

In spite of the large range of Krs calculated for the

reported SCM's for Am(III) (see section 4.3.1.1), specia-

tion of Am(III) in each of the water samples listed in table

Table 4-2. Computed Am Kr values of five surface complexation
and Environmental Laboratory

[mM, millimoles per liter]

4-4 (see discussion under speciation calculation for aque-
ous Np and Pu, section 4.3.2.3) was calculated. The
results are shown in table 4-2. The Krs of the different
sorbing phases in water samples from each sampling site

varied by more than 4 orders of magnitude. The Kr values
of quartz and y-alumina in all ground-water samples var-

ied by approximately a factor of 6; the Krs of a-alumina

were almost invariant.

For the case of Am, the SCM's derived from labora-
tory studies illustrate the large uncertainty in assessing the

potential for mobility below the SDA because of the wide
variability in the computed Krs.

43.2.2 Speciation calculations for aqueous U

The speciation of U(VI) in each of the water samples
listed in table 4-3 was calculated and Kr values were com-

puted. The calculations included adsorption by quartz,
montmorillonite, goethite, and ferrihydrite and assumed a

surface site concentration of 1 mM. In addition, one set of

calculations for sorption by ferrihydrite assumed a surface

site concentrations equal to 10 mM. The results, summa-

rized in table 4-3, indicate that small Krs were expected if

quartz and montmorillonite were the sorbing phases at

surface site concentrations of 1 mM. The Kr values calcu-

lated for the ground-water samples ranged from 7 to 211

for goethite and from 2 to 41 for ferrihydrite. Generally,

the Kr values decreased as pH and P„2 values

models for water samples from the Idaho National Engineering

Sampling site pH PCO2

Quartz y-Alumina a-Alumina

1 mM sites 1mM sites 1mM sites

Big Lost River below
6.4 -1.08 3E+01 2E+05 7E+07

INEEL diversion

USGS 92 8.4 -3.03 2E+03 3E+06 9E+07

EBR 1 8.2 -3.1 3E+03 5E+06 9E+07

NPR Test 8.0 -2.76 2E+03 3E+06 9E+07

P&W 2 8.0 -2.86 2E+03 4E+06 9E+07

.USGS 8 8.1 -2.92 2E+03 3E+06 9E+07

USGS 19 7.8 -2.53 9E+02 2E+06 8E+07

USGS 112 7.8 -2.74 2E+03 3E+06 9E+07

RWMC
8.1 -2.93 2E+03 4E+06 9E+07

Production

USGS 87 8.1 -3.05 3E+03 5E+06 9E+07

USGS 89 8.3 -3.38 6E+03 8E+06 9E+07

USGS 90 8.1 -3.02 3E+03 5E+06 9E+07
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Table 4-3. Computed U Kr values of five surface complexation models for water samples from the Idaho National Engineering and
Environmental Laboratory

[mM, millimoles per liter]

Sampling site pH Pco2

Quartz Montmorillonite Goethite Ferrihydrite Ferrihydrite

1 mM sites 1 mM sites 1 mM sites 1 mM sites 10 mM sites
Big Lost River
below INEEL

diversion
6.4 -1.08 5 1.2 6,119 128 1402

USGS 92 8.39 -3.03 0.1 0.03 7 2 19

EBR 1 8.2 -3.1 1 0.3 41 10 110

NPR Test 8.0 -2.76 0.7 0.2 55 11 121
P&W 2 8.0 -2.86 1.5 0.8 93 20 216

USGS8 8.1 -2.92 0.6 0.2 40 9 96

USGS 19 7.8 -2.53 0.7 0.2 98 18 190

USGS 112 7.8 -2.74 2.6 0.8 211 41 442
RWMC

Production
8.1 -2.93 0.9 0.3 52 12 127

USGS 87 8.1 -3.05 1.8 0.6 80 19 206

USGS 89 8.3 -3.38 2.9 62 19 210
USGS 90 8.1 -3.02 1.6 0.5 72 17 183

increased. Kr values generally increased in proportion to
the number of adsorbing sites when ferrihydrite was the
sorbing phase and the surface site concentration was 10
mM. The Kris of each sorbing phase in the SCM's varied
by a factor of 20 to 30 for ground-water samples. The
dominant U(VI) species in all of the surface- and ground-
water samples were the carbonate complexes
UO2(CO3)3-4 and UO2(CO3)22; complexes with other
anions (OH-, SO42, F., NO3- and PO4-3) were
insignificant because of small anion concentrations or
small formation constants. While it may be difficult to
extrapolate the results shown in table 4-3, they indicate
that U(VI) may be mobile because of the formation of
soluble U(VI) carbonate complexes and the values of pH
and coP2 and the nature of the sorbing site that are
important in controlling the mobility of U(VI). The
potential mobility of U(VI) is particularly notable for the
perched water from well USGS 92.

43.23 Speciation calculations for aqueous Np and Pu

Thermodynamic data for aqueous Np and Pu were
obtained from the ANSTO thermodynamic data base
(Marianne Guerin, written commun., 1998), which was
derived from the HATCHES data base (Cross and Ewart,

1991)2. Because the database contains enthalpy data only
for the major Pu species, the temperature dependence of
Np and Pu speciation at temperatures other than 25°C
could not be properly modeled. Surface complexation
constants fitted to the Diffuse Double Layer SCM (Dzom-
bak and Morel, 1990) were obtained from Turner (1995)
for Pu(IV), Pu(V), and Np(V) sorption by goethite. Some
surface complexation data for sorption of Np(V) (mainly)
and Pu(V) (occasionally) on other phases, such as y-alu-
mina, a-alumina, boehmite (y-A100H), lepidocrocite
(y-FeOOH), ferrihydrite, amorphous-silica, montmorillo-
nite and kaolinite (Turner, 1995; Turner and others, 1998)
were also available, but these data were not used in the ini-
tial examples presented here. The Np and Pu aqueous
complexation and surface complexation constants were
added to the default data base in the USGS geochemical
computer code PHREEQC version 2 (Parkhurst and
Appelo, 1999). Ideally, all thermodynamic data within a

2The Np and Pu data in the ANSTO (Australian Nuclear Science
and Technology Organization) data base were checked and
found to be identical to Np and Pu data in the HATCHES data
base. Np and Pu data in both data bases were converted to
PHREEQC format by Pierre Glynn and Robert Greene of the
USGS.
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data base is internally consistent. This usually is not the

case even for well-established data bases and certainly is

not the case for the composite data base that was assem-

bled for these calculations. Consequently, the calculations

presented for Np and Pu in surface and ground water at the

INEEL should be considered only generally illustrative of

Np and Pu behavior in aqueous environments.

The geochemical speciation of Np and Pu in water

samples from within or near the INEEL having a wide

range of chemical compositions was simulated by using

the PHREEQC code and the ANSTO thermodynamic data

base amended with the SCM' s from Turner (1995). For all

simulations, 10-8 mol/kg of water of Np and Pu also were

assumed to be present. All water samples were oxygen-

ated and primarily CaHCO3 types, although Ca:Na ratios,

pH values, alkalinities, and DO concentrations varied sig-

nificantly. All samples, except those from the Big Lost

River (BLR) below the INEEL diversion (fig. 2-3), were

ground-water samples. Water from well USGS 112 (fig.

2-3) was rich in Cl and represents water from the SRP

aquifer taken from contamination plumes down gradient

from the Idaho Nuclear Technology and Engineering

Center (INTEC, formerly the Idaho Chemical Processing

Plant). Well EBR-1, which is directly up gradient from the

SDA (figure 2-2), represents deeper Snake River Plain

(SRP) aquifer water. Well NPR Test, which is up gradient

from the SDA, represents water from outside areas of

known contaminant plumes. Water from well P&W2 (fig-

ure 2-3) represents underflow from the Birch Creek drain-

age. Water from well USGS 8 (figure 2-3) represents

underflow from the BLR drainage. Water from well

USGS 19 (figure 2-3) represents underflow from the Lit-

tle Lost River drainage. Water from well USGS 92 (figure

2-3) represents perched water above the C-D interbed at

the SDA. Water from wells RWMC Production, USGS

87, USGS 89, and USGS 90 (figure 2-3) represent water

from the SDA area. Chemical compositions of water spe-

ciated with the PHREEQC model are shown in table 4-4.

PHREEQC was used to calculate the aqueous speci-

ation of Np and Pu in the water samples listed above, and

to calculate the speciation of goethite surfaces in equilib-

rium with the specified aqueous compositions. The goet-

hite surface was assumed to contain 5x10-6 mol of surface

sites per kg of H2O and to have a surface area of 54 m2/kg

of water. Only surface complexes of Np(V), Pu(IV), and

Pu(V), and protonated, deprotonated and neutral surface

hydroxyl sites were considered in the calculations. Sur-

face complexation of Np(VI) and Pu(VI) and of major

ions, such as Ca, Mg, SO4, and CO3, were not considered

because of a lack of data about their surface complexation

with goethite. Redox equilibrium with the DO concentra-

tions measured in the water samples was assumed and the

redox state of the solutions and the corresponding distri-

bution of heterovalent Pu and Np species were deter-

mined. The surface complexation reactions, the Np aque-

ous complexation reactions, and most of the Pu aqueous

complexation reactions (except notably that of the

Pu02(CO3)22 species) were assumed to be temperature

independent, because of a lack of enthalpy data for these

reactions. Temperature dependence was accounted for,

however, in the speciation of major constituents.

Significant results of the PHREEQC speciation cal-

culations are given in tables 4-5, 4-6, and 4-7. Although

not shown in the tables, most of the water samples were

almost saturated, or slightly supersaturated with respect to

calcite. The calculated equilibrium partial pressures of

CO2 and 02 show that most of the water samples were

slightly supersaturated with respect to atmospheric oxy-

gen and supersaturated with respect to atmospheric CO2

by approximately a factor of 3. In addition to giving the

most significant surface complex species for Np and Pu

and their concentrations, table 4-5 also gives Kr values,

that is the calculated molar ratios of total sorbed Np (or

Pu) to total aqueous Np (or Pu).

The PHREEQC speciation calculations show that

Np(V) was the dominant redox state for aqueous Np spe-

ciation in the INEEL water samples. The Np(VI) concen-

trations are also significant, and are the dominant redox

state in the perched-water sample. Np(IV) and Npail)

concentrations were insignificant. The neptunyl ion,

Np02+, is generally the dominant aqueous species, but

Np(V) and Np(VI) neptunyl carbonate species,

Np01CO3, Np02(CO3)22, and Np02(CO3)3-4 were also

important.

The calculations also show that Pu(V) was the domi-

nant redox state for the INEEL water samples and

PuO2CO3- was the overwhelmingly dominant aqueous Pu

species. Pu(IV) and Pu(VI) species concentrations were

relatively small, except in the water sample from the BLR,

which had a much lower pH.



Table 4-4. Chemical compositions of water speciated with the PHREEQC model

[Temperature, in degrees Celsius. Concentrations are in milligrams per liter. Abbreviations: DO = dissolved oxygen. Alk = alkalinity. *the water assumed to be at equilibrium with atmospheric 02. Alkalinitiesexpressed as CaCO3, except for the Big Lost River sample, **, which is expressed as HCO3]

Sampling site Temper-
ature

pH DO Ca Mg Na K Si02 Alk. CI SO4 F
NO3 as
N

P

Big Lost River below
1NEEL diversion

10 6.4 8.24* 61 18 11 1.7 15 260** 8.2 23 0.3 NA

Perched water
USGS 92 13.5 8.39 7.91* 29 17 120 12 22 238 81 64 .4 NA 0.18

EBR 1 19.5 8.2 6.7 24 16 9.0 3.4 34 116 7.4 13 .2 .39
NPR Test 14.5 8.0 9.2 59 15 8.4 2.5 22 173 20 26 .2 1.1
P&W 2 10.5 8.0 9.7 40 14 7.9 1.2 14 139 11 21 .3 .38
USGS 8 12 8.1 8.0 46 15 6.7 1.8 20 154 10 22 .3 .86
USGS 19 17.5 7.8 6.9 48 18 13 1.6 16 177 14 24 .3 1.1
USGS 112 14 7.8 6.6 70 18 47 4.5 23 116 120 34 .3 3.8

RWMC Production 13 8.1 8.2 45 15 9.0 2.8 28 148 13 27 .2 .67 .03
USGS 87 14 8.1 10.2 40 14 12 3.0 28 111 13 26 .2 .68
USGS 89 14 8.3 11.6 26 16 20 3.9 30 82 38 36 .3 1.8
USGS 90 13.5 8.1 9.6 44 15 9.4 2.7 27 120 13 27 .2 .69

4.0 Task 2: Actinide transport processes 
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Table 4-5. Calculated partial pressures of CO2 and 02 and redox state distributions of aqueous Np and Pu in water samples from

sites at or near the Subsurface Disposal Area

[Location of sampling sites shown in figs. 2-2 and 2-3; redox state distributions in percent; * water assumed to be at equilibrium with atmospheric 02]

Sampling site
log

Pco2

log

P02

% Np (V) % Np % Pu(IV) % Pu (V) % Pu(VI)

Big Lost River below
-1.08 -0.7* 93.8 6.23 10.5 88.6 0.878

INEEL diversion

USGS 92 (perched
water)

-3.03 -0.7* 33.0 67.0 0.137 99.8 0.114

EBR 1 -3.1 -0.74 88.2 11.8 0.0437 99.9 0.0509

NPR Test -2.76 -0.63 66.9 33.1 0.167 99.8 0.0934

P&W 2 -2.86 -0.63 61.2 38.8 0.117 99.8 0.0902

USGS 8 -2.92 -0.7 59.8 40.3 0.115 99.8 0.0840

USGS 19 -2.53 -0.74 82.6 17.4 0.278 99.7 0.0896

USGS 112 -2.74 -0.78 85.2 14.9 0.133 99.8 0.0764

RWMC Production -2.93 -0.69 65.0 35.0 0.103 99.8 0.0800

USGS 87 -3.05 -0.59 77.6 22.5 0.0530 99.9 0.0671

USGS 89 -3.38 -0.53 80.4 19.7 0.0174 100. 0.0526

USGS 90 -3.02 -0.62 73.8 26.3 0.0638 99.9 0.0707
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Table 4-6. Measured pH values and calculated aqueous speciation of Np and Pu in water samples from sites at or near the
Subsurface Disposal Area. The three dominant aqueous species of Np and Pu are reported along with their molar concentrations
and redox state

Locations of sampling sites shown in figs. 2-2 and 2-3; Abbreviations: aq., aqueous; conc., concentration; st., state]

1st Np aq.
Sampling

site 
pH conc.

redox st

Np aq.

conc.
redox st.

3d Np aq. 1st Pu aq.
conc. conc.

redox st. redox st

2nd 
Pu

 aq.

conc.
redox st.

3d Pu aq.

conc.
redox st

Big Lost River Np02+
below INEEL 6.4 9.15E-9

diversion (V)

Np02(CO3)22
5.04E-10
(VI)

NpO2CO3 P- uO2CO3 P- u(CO3)32 PuO2CO3
2.29E-10 8.86E-9 1.05E-9 7.62E-11
(V) (V) (IV) (VI)

USGS 92
(perched water)

Np02(CO3)34 Np02(CO3)22 NpO2CO3 P- uO2CO3 Pu(CO3)3-2 P- u02(CO3)22
8.39 3.65E-9 3.05E-9 2.41E-9 9.98E-9 1.29E-11 7.62E-11

(VI) (VI) (V) (V) (IV) (VI)

EBR 1
Np02CO3-

8.2 4.58E-9
(V)

Np02+ Np02(CO3)22 P- uO2CO3" Pu(CO3)32 P- U02(C0022
4.22E-9 8.94E-10 9.99E-9 4.30E-12 4.08E-12
(V) (VI) (V) (IV) (VI)

NpO2+
NPR Test 8.0 3.52E-9

(V)

Np02CO3- N- p02(CO3)22 P- uO2CO3- P- u(CO3)32 P- u02(CO3)2-2
3.16E-9 2.51E-9 9.98E-9 1.64E-11 7.26E-12
(V) (VI) (V) (IV) (VI)

Np02-* Np02(CO3)22 Np02CO3- P- uO2CO3 Pu(CO3)3-2 Pu02(CO3)22
P&W 2 8.0 3.69E-9 3.19E-9 2.43E-9 9.98E-9 1.16E-11 6.10E-12

(V) (VI) (V) (V) (IV) (VI)

USGS 8 8.1
Np02 NpO2CO3 N- p02(CO3)22 P- uO2CO3- P- u(CO3)3-2 P- u02(CO3)22
3.06E-9 2.90E-9 3.06E-9 9.98E-9 1.13E-11 6.34E-12
(V) (V) (VI) (V) (IV) (VI)

USGS 19 7.8
Np02+ Np02CO3 N- p02(CO3)22 P- uO2CO3 P- u(CO3)3-2 Pu02(CO3)22
5.06E-9 3.19E-9 1.42E-9 9.97E-9 2.76E-11 6.71E-12
(V) (V) (VI) (V) (IV) (VI)

USGS 112 7.8
Np02+ Np02CO3 N- p02(CO3)22 P- uO2CO3 P- u(CO3)3-2 Pu02(CO3)2-2
6.20E-9 2.30E-9 1.27E-9 9.98E-9 1.32E-11 4.66E-12
(V) (V) (VI) (V) (IV) (VI)

RWMC
Production

Np02+ NpO2CO3- N- p02(CO3)22 P- uO2CO3 Pu(CO3)32 P- u02(CO3)2-2
8.1 3.360E-9 3.13E-9 2.67E-9 9.98E-9 1.01E-11 6.07E-12

(V) (V) (VI) (V) (IV) (VI) 

USGS 87 8.1
Np02+ NpO2CO3 N- p02(CO3)22 P- uO2CO3" Pu(CO3)3-2 P- u02(CO3)2 2
4.50E-9 3.24E-9 1.82E-9 9.99E-9 5.24E-12 4.72E-12
(V) (V) (VI) (V) (IV) (VI) 

USGS 89 8.3
Np02' Np02CO3- N- p02(CO3)22 P- uO2CO3 Pu02(CO3)22 Pu(CO3)3-2
4.37E-9 3.65E-9 1.54E-9 1.00E-8 3.56E-12 1.71E-12
(V) (V) (VI) (V) (VI) (IV)

USGS 90 8.1
Np02+ NpO2CO3- N- p02(CO3)22 P- uO2CO3 Pu(CO3)3-2 Pu02(CO3)22
4.17E-9 3.20E-9 2.09E-9 9.99E-8 6.30E-12 5.07E-12
(V) (V) (VI) (V) (IV) (VI)
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Table 4-7. Calculated distribution of Np and Pu surface complexes on goethite and molar ratios of total sorbed to total aqueous

concentrations for Np IKr Np) and Pu (Kr Pu) for water samples from sites at or near the Subsurface Disposal Area. The three

dominant surface complexes of Np and Pu are reported along with their molar concentrations and redox state. Goethite

adsorption site concentration was 5 x 10-6 mole per kg of water.

[Locations of sampling sites shown in figs. 2-2 and 2-3. Abbreviations: s.c., surface complexes; conc., concentration; st., state]

Sampling
site

Kr Np Kr Pu

.st Np s.c.
conc.

redox st.

2nd Np s.c.

conc.
redox st.

3d Np s.c.
conc.

redox st

1st Pu s.c.
conc.

redox st.

2nd Pu s.c.
conc.

redox st.

3d Pu s.c.
conc.

redox st.

Big Lost (>0)2Np02 >OHNp02'>0H2Np020H+ >0Pu02014- >OPuO2 >OHPuO2OH
River near
the INEEL
diversion

3.69 8.1E-4 3.58E-8
(V)

5.44E-10
(V)

5.44E-10
(V)

5.63E-12

(V)

1.24E-12
(V)

1.24E-12
(V)

USGS 92 (>0)2Np02" >0Np02011- >ONpO2 >0Pu0201I >OPuO2 >OHPuO2OH

(perched 198 5.5E-3 1.98E-6 8.82E-10 4.57E-10 5.39E-11 7.35E-13 7.34E-13

water) (V) (V) (V) (V) (V) (V)

(>0)2Np02 >ONpO2 >OHNpO2OH >0Pu020H- >OPuO2 >OHPuO2OH

EBR 1 204 3.9E-3 2.04E-6 1.20E-9 1.20E-9 3.68E-11 1.02E-12 1.02E-12

(V) (V) (V) (V) (V) (V)

(>0)2Np02 >ONpO2 >OHNpO2OH >0Pu020H" >0Pu02 >OHPuO2OH

NPR Test 182 3.6E-3 1.82E-6 8.83E-10 8.83E-10 3.34E-11 1.09E-12 1.09E-12

(V) (V) (V) (V) (V) (V)

(>0)2Np02" >OHNp02f >0142Np0201-1+ >0Pu0201-1" >OPuO2 >OHPuO2OH

P&W 2 181 4.6E-3 1.81E-6 9.77E-10 9.77E-10 4.32E-11 1.50E-12 1.50E-12

(V) (V) (V) (V) (V) (V)

(>0)2Np02 >ONpO2 >OHNpO2OH >0Pu02011- >OPuO2 >OHPuO2OH

USGS 8 190 4.4E-3 1.90E-6 8.90E-10 8.90E-10 4.14E-11 1.19E-12 1.19E-12

(V) (V) (V) (V) (V) (V)

(>0)2Np02 >OHNp02+ >0H2Np020H+ >0Pu0201-1- >OPuO2 >OHPuO2OH

USGS 19 164 2.8E-3 1.64E-6 1.26E-9 1.26E-9 2.55E-11 1.14E-12 1.14E-12

(V) (V) (V) (V) (V) (V)

(>0)2Np02 >OHNp02+ >0H2Np020H4 >0Pu020/1- >OPuO2 >OHPuO2OH

USGS 112 171 4.4E-3 1.71E-6 1.36E-9 1.36E-9 4.03E-11 1.75E-12 1.75E-12

(V) (V) (V) (V) (V) (V)

(>0)2Np02 >ONpO2 >OHNpO2OH >0Pu020I-1- >OPuO2 >OHPuO2OH
RWMC

192 4.3E-3 1.92E-6 9.40E-10 9.40E-10 4.03E-11 1.16E-12 1.16E-12
Prod. (V) (V) (V) (V) (V) (V)

(>0)2Np02- >ONpO2 >OHNpO2OH >0Pu0201-1- >OPuO2 >OHPuO2OH

USGS 87 197 4.7E-3 1.97E-6 1.14E-9 1.14E-9 4.43E-11 1.36E-12 1.36E-12

(V) (V) (V) (V) (V) (V)

(>0)2Np02 >0Np020H" >ONpO2 >0Pu020H- >OPuO2 >OHPuO2OH

USGS 89 215 6.3E-3 2.14E-6 1.49E-9 1.25E-9 6.03E-11 1.33E-12 1.33E-12

(V) (V) (V) (V) (V) (V)

(>0)2NP02 >ONpO2 >OHNpO2OH >0Pu02011- >OPuO2 >OHPuO2OH

USGS 90 196 4.6E-3 1.96E-6 1.08E-9 1.08E-9 4.36E-I1 1.31E-12 1.31E-12

(V) (V) (V) (V) (V) (V)



Although the thermodynamic data base used for these
calculations included Np and Pu complexes with SO4,
NO3, F, and PO4, concentrations of these components in
the water samples were not large enough for any of the
resulting Pu and Np complexes to be important. Water in
direct contact with the radionuclide waste, however, prob-
ably has a significantly different chemistry from that of
the water samples given in table 4-4 and may have large
concentrations of NO3, PO4, and other complexants.
Although these complexants may increase the aqueous
stability of Np and Pu, the pH and redox character of the
waters also would be important variables in determining
the aqueous stability, or the mobility, of Np and Pu.

The surface complexation speciation calculations
reflect the aqueous speciation calculations in that the
strong complexation of aqueous Pu with carbonate
impedes surface complexation of Pu to the goethite sur-
face, at least according to the thermodynamic model.
Very little Pu was sorbed on the goethite surface; the
aqueous solution generally contained at least 200 times
more Pu (Kr Pu = 4.5E-3 on average for the ground-water
samples). The PHREEQC speciation calculations were
repeated using identical input data, except that the Np data
was omitted to determine if Np competition for surface
sites affected the sorption of Pu in the previous calcula-
tions. Although the results are not shown here, the conclu-
sion was that although Np competition did have some
effect on the sorption of Pu in some water samples, Pu
sorption was still very small. The largest Kr Pu value was
0.11 (for water from well USGS 89), and the values for
most other water samples were one to two orders of mag-
nitude lower.

The large concentrations of the aqueous neptunyl
species relative to those of the neptunyl carbonate species,
indicate a small amount of aqueous complexation by car-
bonate and, therefore, that Np was strongly sorbed to the
goethite surface in the INEEL ground-water samples,
which all had pH values of about 8. The speciation of the
various water samples and of the equilibrium goethite sur-
face generally resulted in an amount of sorbed Np that was
about 200 times larger than the amount of aqueous Np;
however, because of a lower pH value of 6.4 in the BLR
water sample, the amount of sorbed Np in this sample was
significantly smaller (a Kr value near 4).

The Kr values calculated for Np and Pu were gener-
ally proportional to the amount of goethite surface
assumed present for each kg of water. If the concentration
of goethite surface sites is increased by a factor of 10, the
amount of Np and Pu sorption generally also will increase
by a factor of 10. PHREEQC simulations confirmed this
theory, except for the simulation of water from the BLR,
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for which the Kr Pu value increased by a factor of 15 as a
result of the tenfold increase in goethite surface (the Kr Np
value increased by a factor of 10).

Because of a lack of appropriate data for the site con-
centrations of sediments from the INEEL, the concentra-
tion of surface sites chosen for our speciation example
was derived from a calculation example given by Dzom-
bak and Morel (1990). Field and laboratory studies of a
sand and gravel aquifer at the USGS research site in Fal-
mouth, Mass., on Cape Cod indicate that, if sediments are
uniformly coated with a thin layer of iron oxyhydroxide,
the site concentration is about 10-2 M (Davis and others,
1998). Calculations by Gary Curtis (oral commun., 1999)
for the USGS research site, a sandy silt aquifer, in
Bemidji, Minn. indicate a similar surface site concentra-
tion of about 10-2 M. If properties of the interbed sedi-
ments at the INEEL are similar to those at the Bemidji and
Cape Cod sites, then the Kr values calculated in this report
for both Pu and Np at the INEEL are about 2,000 times too
small. If speciation calculations for the BLR sample are
disregarded, and this larger surface site concentration of
10-2 M is combined with our speciation calculations, then
a Kr value of about 4x104 would be applicable for Np
sorption and a Kr value of 9 would be applicable for Pu
sorption in the interbed sediments. These Kr values can be
used to estimate the retardation of Pu or Np relative to the
advective movement of water by calculation of a retarda-
tion factor (defined in equation 4.4 in section 4.3). The
calculated retardation factors are 10 for Pu and 4x104 for
Np. It is more difficult to estimate the sorption capacity
and, consequently, the retardation factors applicable to the
transport of Np and Pu in the INEEL basalts, but they
probably would be significantly smaller than those of the
interbed sediments.

Because of the lack of field or laboratory data on the
amount and type of sorption sites on INEEL sediments
and basalt surfaces, the speciation calculations presented
here cannot be used to predict the retardation of Np and
Pu. Nevertheless, the calculations indicate the very strong
aqueous complexation of Pu with carbonate and the sig-
nificantly stronger sorption of Np relative to that of Pu.
Transport of Pu at the INEEL could be limited by the
reducing conditions in the soil or ground-water environ-
ment. In reducing conditions, Pu(IV) probably would be
the dominant state of Pu, instead of Pu(V) and Pu(VI),
which are the stable oxidation states in oxygenated condi-
tions. When and where present, reducing conditions prob-
ably significantly limit the mobility of Pu. Reducing con-
ditions probably occur most commonly in the source areas
of radioactive waste emplacement (because of the associ-
ated organic matter and metallic substances present) and
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also possibly in relatively impermeable (clayey), organic-

carbon-containing zones in the interbed sediments.
Although relatively uncommon, some organic-rich zones

in the interbed sediments have been found (Rightmire and

Lewis, 1987a). Fe(11)-containing minerals in the basalts

and in the interbeds also potentially could reduce Pu(V)

and Pu(VI); in hydraulically conductive zones, however,

the surface of these minerals already should have been

oxidized extensively by the oxygenated ground waters.

The large concentrations of DO and inorganic carbon in

all ground-water samples from the INEEL used in this
study indicate the possibility of Pu(V), and Pu(VI) trans-

port in the SRP aquifer. In addition to reduction processes,

other sorption and transformation processes not consid-

ered in this modeling study potentially could limit the

mobility of Pu, for example: (1) the sorption of Pu(V) and

Pu(VI) by calcite, and (2) the disproportionation of Pu(V)

into Pu(IV) and Pu(VI) through the sorption by goethite

(Keeny-Kennicutt and Morse, 1985).

43.2.4 Additional speciation calculations for Np and Pu

This section presents additional speciation calcula-

tions for the water samples discussed in the previous sec-

tion (4.3.2.3); however, thermodynamic data for Np and

Pu used in the calculations were obtained from a different

data base.The same conditions that were assumed for the

previous Np and Pu speciation calculations also were
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assumed for these calculations. Also, for the reasons dis-
cussed in the previous section, the calculations presented
here should be considered only generally illustrative of
Np and Pu behavior in aqueous environments.

Thermodynamic data for aqueous Pu and Np also was
obtained in the PHREEQC format from the EQ3/6 data
base by David Turner (Southwest Research Institute, writ-
ten commun., 1999). The EQ316 data base, like the
ANSTO and HATCHES data bases, generally did not
include any enthalpy data; consequently, the temperature
dependence of Np and Pu speciation at temperatures other
than 25°C could not be properly modeled. As in our pre-
vious calculations, Turner's (1995) surface complexation
constants were used to simulate Pu(IV), Pu(V), and
Np(V) sorption by goethite.

Table 4-8 shows the redox-state distributions calcu-
lated by using data from the ANTSO and EQ3/6 data
bases. Calculations of Pu redox-state distributions based
on the two data bases are significantly different: those
based on the ANSTO (and HATCHES) data bases predict
that the Pu was present predominantly as Pu(V), and those
based on the EQ3/6 data base indicate that Pu was present
predominantly as Pu(VI).

Table 4-8. Calculated aqueous Np and Pu redox-state distributions at equilibrium for selected water samples from the Idaho

National Engineering and Environmental Laboratory determined using either the ANSTO or the

EQ3/6 data bases

Sampling site; Data source
% Np

(V)

% Np
(VI)

%Pu
(IV)

% Pu
(V)

% Pu
(VI)

Big Lost River; ANSTO 93.8 6.23 10.5 88.6 0.878

Big Lost River; EQ3/6 100 0.003 0.000 0.003 100

USGS 92 (perched water); ANSTO 33.0 67.0 0.137 99.8 0.114

USGS 92 (perched water); EQ3/6 84.2 15.8 0.001 0.003 100

NPR Test; ANSTO 66.9 33.1 0.167 99.8 0.093

NPR; EQ3/6 98.5 1.49 0.000 0.004 100

USGS 112; ANSTO 85.2 14.9 0.133 99.8 0.076

USGS 112; EQ3/6 99.8 0.228 0.000 0.007 100

RWMC Production; ANSTO 65.0 35.0 0.103 99.8 0.080

RWMC Production; EQ3/6 98.6 1.30 0.000 0.005 100

USGS 89; ANSTO 80.4 19.7 0.017 100 0.053

USGS 89; EQ3/6 99.4 0.565 0.001 0.008 100



The calculations of Np redox-state distributions
based on the two data bases are also significantly differ-
ent. Whereas the calculations based on the EQ3/6 data
base indicate that almost all the Np was present in the
Np(V), those based on the ANSTO (and HATCHES) data
base indicate that large amounts of Np(V1) also were
present. The reasons for these differences can be deter-
mined from table 4-9, which shows the concentrations and
redox states of the dominant Pu and Np species calculated
on the basis of both the ANSTO and EQ3/6 data bases.
The association constant in the EQ3/6 data base for the
Pu(VI) species PuO2CO3, the dominant aqueous Pu spe-
cies in the EQ3/6 results, is 3 orders of magnitude larger
than the association constant for this species in the
ANSTO data base. Additionally, the Pu(V) species
PuO2CO3-, the dominant species in the ANSTO results, is
not present in the EQ3/6 results. In contrast, the associa-
tion constant in the EQ3/6 data base for the Np(VI) spe-
cies Np02(CO3)2-2, a dominant species in the ANSTO
results, is 3 orders of magnitude smaller than the associa-
tion constant for this species in the ANSTO data base. The
EQ3/6 results also show the dominance of the Np(V) spe-
cies NpO,OH. The association constant in the EQ3/6 data
base for this species is 2 orders of magnitude larger than
the association constant in the ANSTO data base.

Because of the differences in the speciations of Np
and Pu predicted by the ANSTO and EQ3/6 data bases,
the Kr values calculated from the SCM data (and based on
the same conditions described in section 4.3.2.3 of total
surface site concentration of 5x10-6 mol/L) were com-
pared. The results are presented in table 4-10.

The EQ3/6 results indicate generally 5 to 10 percent
larger Kr values for Np than the ANSTO results, and con-
sequently, greater retardation during transport. Interest-
ingly, the Kr Pu values calculated from the EQ3/6 data
were also generally larger than those calculated from the
ANSTO data (except for the BLR water sample), by as
much as a factor of 3.6 (for the sample from well EBR 1).
If the surface site concentration increases from 5x10-6
mol/L to 10-2 mol/L and Kr values increase linearly by a
factor of 2,000, the Kr Pu value for the sample from well
USGS 89 would increase from 12.6, the value calculated
from the ANSTO data, to 32.

The additional speciation calculations presented in
this section illustrate the many uncertainties that remain
concerning thermodynamic data for Pu and Np aqueous
speciation. The uncertainties involved in thermodynamic
modeling of Pu and Np sorption and in any predictions of
Np and Pu transport by such thermodynamic models can
be expected to be even greater, because the results depend
not only on the aqueous thermodynamic data, but also
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sorption data and the properties of the interbed sediments
and basalts. Nevertheless, thermodynamic speciation
results can illustrate the potential dependencies of sorp-
tion processes on aqueous and surface chemical composi-
tions and on mineralogical parameters, and can be used to
estimate the effects of compositional and mineralogical
changes.

Table 4-10. Kr values of Np and Pu surface complexes on
goethite for water samples from the Idaho National Engineering
and Environmental Laboratory, calculated on the basis of data
from the ANSTO and EQ3/6 data bases.

Sampling site
Kr Np;
ANSTO

Kr Np;
EQ3/6

Kr Pu;
ANSTO

Kr Pu;
E0.3/6

Big Lost River
below INEEL

diversion
3.69 3.69 8.1E-4 1.2E-05

USGS 92
(perched water)

198 225 5.5E-3 1.1E-02

EBR 1 204 211 3.9E-3 1.4E-02

NPR Test 182 199 3.6E-3 4.5E-03

P&W 2 181 199 4.6E-3 4.2E-03

USGS 8 190 208 4.4E-3 5.5E-03

USGS 19 164 176 2.8E-3 3.5E-03

USGS 112 171 180 4.4E-3 4.6E-03

RWMC
Production

192 208 4.3E-3 6.0E-03

USGS 87 197 208 4.7E-3 7.7E-03

USGS 89 215 222 6.3E-3 1.6E-02

USGS 90 196 208 4.6E-3 7.2E-03

4.a3 Summary

This section has demonstrated that speciation can be
important in controlling the transport of actinides below
the SDA. Critical factors involving speciation that affect
actinide transport are the determination of the redox state
of the actinide, determination of the aqueous species, and
determination of the surface species. Redox state is espe-
cially important for determining transport of Pu and U.
Pu(IV) and U(IV) are both very insoluble and, therefore,
relatively immobile. However, it is difficult to assess the
factors that control the oxidation state of these species in
the heterogeneous environment below the SDA that con-
sists of both fractured basalts and sedimentary interbeds.
It is comparatively easier and, therefore, the primary
focus of this section, to compute the effects of different
aqueous compositions and different SCM's on the Kr val-
ues. The calculations were made in spite of the many
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Table 4-9. Concentrations and redox states of the three dominant species of Np and Pu in water samples from the
Idaho National Engineering and Environmental Laboratory calculated on the basis of the ANSTO and EQ3/6 data bases

[Abbreviations: aq., aqueous; conc., concentration; st., state]

Sampling site;
data base

1st Np aq.
conc.

redox st

2nd Np aq,

conc.
redox st

3d Np aq. 1st Pu aq.
conc. conc.

redox st redox st

2nd Pu aq.

conc.
redox st

3d Pu aq.
conc.

redox st

Big Lost River
below INEEL
diversion;ANSTO

Big Lost River
below INEEL
diversion; EQ3/6

Np02+

9.15E-9
(V)

Np02+

9.95E-9

(V)

Np02(CO3)22 Np02CO3-

2.29E-10
(V)

NpO2OH

1.13E-11
(V)

5.04E-10
(VI)

Np02CO3-

3.89E-11
(V)

PuO2CO3

8.86E-9
(V)

PuO2CO3

1.00E-8
(VI)

Pu(CO3)3-2

1.05E-9

(IV)

Pu02(CO3)2-2

4.50E-13
(VI)

PuO2CO3

7.62E-11

(VI)

PuO2F3-
2.94E-13

(VI)
USGS 92
(perched water);
ANSTO

USGS 92
(perched water);
EQ3/6

3.65E-9 3.05E-9 2.41E-9
(VI) (VI) (V)

Np02' Np02CO3- N- p02(CO3)3-4

4.84E-9 2.82E-9 1.58E-9

(V) (V) (VI)

Np02(CO3)3-4 Np02(CO3)22 NpO2CO3 PuO2CO3

9.98E-9
(V)

PuO2CO3

9.86E-9
(VI)

Pu(CO3)3-2 Pu02(CO3)2-2

1.29E-11 7.62E-11
(IV) (VI)

P1.102(CO3)34 P- U02(003)2-2

7.46E-11 5.96E-11
(VI) (VI)

NPR Test;
ANSTO

NPR Test;
EQ3/6

Np02+ Np02CO3-

3.52E-9 3.16E-9

(V) (V)

Np02+ Np02CO3-

7.79E-9 1.57E-9

(V) (V)

Np02(CO3)32 Pu02CO3

2.51E-9 9.98E-9
(VI) (V)

NpO2OH PuO2CO3

4.74E-10 9.98E-9
(V) (VI)

Pu(CO3)3-2

1.64E-11
(IV)

Pu02(CO3)2-2

1.85E-11
(VI)

P1102(C0022

7.26E-12
(VI)

Pu02(CO3)34
5.53E-12
(VI)

USGS 112;
ANSTO

USGS 112;
EQ3/6

Np02-4- Np02CO3-

6.20E-9 2.30E-9
(V) (V)

NpO2- NpO2CO3

8.92E-9 7.15E-10

(VI) (V)

Np02(CO3)2-2 PuO2CO3- Pu(CO3)3-2

1.32E-11

(IV)

Pu02(CO3)2-2

7.99E-12
(VI)

1.27E-9 9.98E-9
(VI) (V)

NpO2OH PuO2CO3

3.27E-10 9.99E-9
(V) (VI)

PU02(CO3)2-2

4.66E-12
(VI)

Pu02(OH)2

2.14E-12
(VI)

RWMC Np02+ Np02CO3 N- p02(CO3)22 PuO2CO3- Pu(CO3)3-2 Pu02(CO3)22
Production; 3.360E-9 3.13E-9 2.67E-9 9.98E-9 1.01E-11 6.07E-12
ANSTO 

(V) (V) (VI) (V) (IV) (VI)

RWMC Np02+ Np02CO3 N- pO2OH p,,n PuO2CO3 tr 1. -2,-n3,2-2 P- u02(CO3)3-4
Production; 7.84E-9 1.46E-9 5.49E-10 9.98E-9 1.79E-11 5.93E-12
EQ3/6 (V) (VI)(V) (V) (VI) (VI)

USGS 89; Np02+ NpO2CO3 N- p02(CO3)2-2 PuO2CO3 Pu02(CO3)22 Pu(CO3)3-2
ANSTO 4.37E-9 3.65E-9 1.54E-9 1.00E-8 3.56E-12 1.71E-12

(V) (V) (VI) (V) (VI) (IV)

USGS 89; Np02+ Np02CO3- N- pO2OH PuO2CO3 , Pu02(CO3)2-2 P- u02(OH)2
EQ3/6 7.64E-9 1.38E-9 9.08E-10 9.97E-9 1.63E-11 9.47E-12

(V) (V) (V) (VI) (VI) (VI)



uncertainties and problems with the available
thermodynamic data. These limitations include a lack of
consistent thermodynamic data for all important
reactions, the inability to describe and quantify Pu
hydroxide polymerization reactions, little knowledge of
actinide complexation with natural organic matter, and
lack of a site-specific surface complexation model.
Despite these limitations, K. values were calculated for 1
surface-water sample, 1 perched-water sample, and 10
ground-water samples. Even if the surface-water sample
is ignored, the calculated Kr values for Am varied by 400
percent, for U by 3,000 percent, for Np by 25 percent, and
for Pu by 55 percent. These variations were due only to
differences in aqueous compositions among the different
water samples. For Am and U, the range of Krs also
reflects variations introduced by considering several
SCMs. One significant limitation of this approach is that
only one water-sample analysis was available for the
perched-water sample (USGS 92). This is important
because (1) Krs of Pu in water from well USGS 92 were
relatively large and Krs of U were relatively small, and (2)
the transport away from the SDA may be controlled by
sorption from perched water in the sedimentary interbeds.

4.4 Applicability of the local equilibrium concept to
actinide transport

Distribution coefficients theoretically apply only to
reversible first-order reactions at local equilibrium.
Actinide sorption and desorption reactions with minerals
often are affected by several kinetic processes. These
include:

(1) The rate of chemical or physical sorption reac-
tions between an actinide and a mineral surface. Gener-
ally, these reactions are relatively fast, although there is
often a slow component that could require weeks to attain
equilibrium.

(2) Diffusion of actinides to or from reaction sites in
zones of immobile water. This diffusion increases the
time required to attain equilibrium. The immobile water
can be a layer on the grain surface, within crevices or pits
in the grain, in dead-end pores between tightly packed
grains, in fractures, or in the interlayer of expandable clay
minerals. If the diffusion rate of an actinide is slow com-
pared with the transport rate in the flowing phase, physical
nonequilibrium occurs.

(3) Mineralogical changes in the sorbing phase. For
example, freshly precipitated ferrihydrite has a relatively
large sorption capacity because its unordered structure
results in a large surface area with excess charge. As fer-
rihyrite recrystallizes to more ordered structures such as
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goethite, surface area and sorption capacity decrease.
Other slow diagenetic reactions involving clay minerals
also will slowly change the sorption property of a solid.

4.4.1 Chemically-mediated kinetics

Several laboratory batch experiments have shown
that sorption of actinides is characterized by a rapid initial
decrease in aqueous concentration followed by a more
gradual approach to equilibrium that can take weeks.
Many studies have attributed this decrease in aqueous
concentration as sorption without demonstrating that
other processes, such as redox or precipitation, could be
ignored. The rate of approach to equilibrium in laboratory
experiments often is affected by experimental conditions,
the nature of the solid and aqueous phases, and the type
and redox state of the actinide. For example, batch exper-
iments are conducted by using a variety of agitation tech-
niques. Violent agitation in reciprocating shakers can
slowly abrade grains and cause gradual changes in the
sorbing surface that can be interpreted as chemical reac-
tion kinetics. Other agitation methods may incompletely
mix sediment and solution. Diffusion of actinides to sorp-
tion sites in unmixed sediment at the bottom of a beaker
can be interpreted as slow chemical reaction kinetics.

Use of a solid phase that is not in chemical equilib-
rium with the aqueous phase can induce apparent actinide
sorption kinetics. For example, when a rock is crushed for
use in sorption experiments, weathering reactions on the
fresh surface of the grains can slowly change the mineral-
ogy of the solid and the sorption properties of the actinide
(Barney, 1981).

Barney (1978) evaluated sorption of Am, Np, and Pu
in batch experiments as a function of time. Crushed basalt,
crushed granite, and crushed argillite were used. An initial
rapid sorption reaction, complete within 5 minutes, was
followed by a slow reaction that apparently resulted from
changes in the composition of the rock surface. Equilib-
rium concentrations were not attained within 145 days.
Bulk solution chemistry continued to change as a result of
weathering of the freshly crushed mineral faces; there-
fore, it was difficult to conclude whether the slow sorption
was a result of a slow reaction with a stable mineral phase
or the changing mineralogy. The release of a relatively
large amount of silica appeared to increase the solubility
of Am and Pu. This result also complicated interpretation
of the data.

Newman and others (1995) determined sorption rate
constants for sorption of U by crushed basalt and a com-
posite interbed sediment from the INEEL. The time
required to reach equilibrium with crushed basalt was 61
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hours. The time required to reach equilibrium with the

interbed sediment was 103 hours. However, more than 90
percent of the sorption by both solids took place within the

first 4 hours of the experiment.

In another set of batch experiments by Friedman and

Kelmers (1990), sorption of U by a soil increased through-

out the 168-hour length of the experiments; however, 96

percent of the U was sorbed within the first 24 hours.

Rhodes (1957) used batch experiments to measure Pu

sorption by a soil from Hanford, Wash. To attain 99.9-

percent adsorption, 360 hours were required; 86 percent

of the Pu was sorbed within 0.08 hours. Nelson and others

(1985) noted that reaction kinetics for Pu sorption and the

amount sorbed were affected by complexation with DOC.

More Pu remained in the aqueous phase as the concentra-

tion of DOC increased. The time required to achieve equi-

librium also increased as DOC increased.

Sheppard and others (1979) measured and noted

three distinct phases in the sorption of Am and Np by four

soils from the INEEL as a function of time. The first phase

was a rapid quasi-exponential decrease in aqueous con-

centration; the second phase was a slower exponential

decrease in aqueous concentration; the final phase was the
stabilization of the concentration as equilibrium was

attained. Their data are quantified by the number of days

required for Am and Np concentrations to decrease to 37

percent of the initial concentration. For the sorption of Np,

13, 14, 39, and 52 days were required. For the sorption of

Am, 51, 202, and 361 days were required. Equilibrium

was attained more rapidly as the grain size of the soils

increased and the cation exchange capacity decreased.

The soil that equilibrated least rapidly with Am and Np

had the largest clay and silt content and cation exchange

capacity. This slower equilibration time could indicate

exchange with ions in interlayer positions of the clay min-

erals and could be partially controlled by diffusion.

Rock type also has been shown to affect equilibration

time for Am and Pu (Seitz and others, 1978). Equilibrium

concentrations were attained relatively quickly (less than

5 hours) in carbonates such as limestone, dolomite and

marble. More than 100 hours were required for equilib-
rium in basalts and metamorphic rocks. Equilibration
times were between 5 and 100 hours in sandstone and

granite. The rate of decrease in aqueous concentration
generally was faster for Pu than for Am.

4.42 Transport-controlled kinetics

Nonequilibrium transport of solutes through porous
media occurs when ground-water velocities are suffi-
ciently fast to prevent attainment of chemical and physical

equilibrium. Transport through the interbeds at the
INEEL is likely to be slow enough for reactions to
approach, if not to attain, equilibrium. Transport through
basalt fractures and vesicles could be too fast to allow suf-
ficient time for equilibration.

Kumata and Vandergraaf (1998) eluted solutions
spiked with Np(IV) through columns packed with highly
weathered, crushed granite. At a low flow velocity of
0.03 m/d, Np was detected only in the first few centime-
ters of the column. As velocities increased, Np was
detected farther down the column. At 0.3 m/d, Np began
to elute from the column. Np(IV) is very insoluble, and
transport may be indicative of a sorbed phase or of a Np02
colloid. Regardless of the mechanism, the experimental
data show the effect of flow rate on the transport of Np.

The asymmetrical shape of breakthrough curves for
Np(V) in column experiments has been modeled by using
the advective-dispersive model and a first-order kinetic
term to account for mass transfer of Np between the flow-
ing phase and stagnant water in side pores (Andre and
others, 1998).

Data from the Large Scale Infiltration Test (LSIT)
conducted at the INEEL indicate the presence of a com-
plex network of flowpaths in the basalt (Wood and
Norrell, 1996). Transport of nonreactive tracers indicates

that moisture infiltrates mostly along preferential-flow
paths under unsaturated flow conditions. Transport veloc-
ities varied greatly.

Information is insufficient to reliably assess whether
actinides and sediments at the INEEL are in chemical
equilibrium. The chemical and physical nature of the

waste at the SDA is unknown. The speciation of actinides
could have an effect on equilibrium. For example, a Pu

organic complex could sorb at a different rate than a Pu

fluoride complex. However, previous studies at the
1NEEL indicate that sorption of actinides by interbed sed-

iments is relatively rapid, and most sorption occurs within

24 hours. There is also evidence for a slower sorption pro-

cess in which equilibrium could take weeks to attain;

however, for the purpose of risk assessment analysis, the

assumption of chemical equilibrium appears to be reason-

able. Flow velocities through the interbed layers appear to

be slow enough to allow time for sorption reactions to

attain equilibrium.

There could be insufficient time for equilibrium to

occur in basalt fractures because of faster flow velocities.

Also, there is evidence from the LSIT for diffusion into

zones of stagnant water, which would increase the time

needed to attain equilibrium. However, because of the rel-

atively small amount of rainfall and infiltration at the

INEEL, sustained rapid flow through fractures may be



limited. The slower velocities associated with short inter-
mittent periods of recharge could allow enough time for
reactions to approach equilibrium.

4.5. Colloid-facilitated transport of actinides

Transport of actinides beneath the SDA may be
enhanced by association with colloids and larger particles
capable of being transported by water. This evaluation of
colloid-facilitated transport is organized into three sec-
tions. The first section is a general discussion of colloid
formation and mobility; the next section is a review of
previous studies of actinides associated with colloids; and
the final section is a discussion of evidence for colloid-
facilitated transport of actinides at the INEEL.

4.5.1 Colloid definition and mobility

The definition of a colloid varies; it generally is
based on size and is often an operational definition based
on the techniques used to separate the solid phase from the
aqueous phase. Vilks and others (1998) defined a colloid
as a particle small enough to be kept in suspension by
Brownian motion. Suspended particles larger than col-
loids require water turbulence to stay in suspension and
are less likely to be transported. Particles with diameters
of less than 10 µm generally are considered to be colloids
(fig. 4-8 from Stumm and Morgan, 1981).

Colloids can be rock and mineral fragments, mineral
precipitates and weathering products, macromolecular
components of DOC such as humic substances, biocol-
loids such as micro-organisms, and microemulsions of
nonaqueous-phase liquids (McCarthy and Zachara, 1989).
Colloids can form from condensation or homogeneous
nucleation of particles from dissolved species when a
mineral phase is supersaturated. Colloids can form as
alteration products of in situ minerals, or they can be
transported from somewhere else.

Particles can be released into solution by various pro-
cesses such as the (1) disruption of fragile aggregates by
changes in ionic strength (low ionic strength tends to
increase colloid stability) or by hydrodynamic force, (2)
mechanical grinding of mineral surfaces, (3) mechanical
disruption of secondary minerals present at mineral sur-
faces, and (4) release of less soluble colloids by dissolu-
tion of a more soluble matrix surrounding the colloids
(Buddemeier and Hunt, 1988).

The mobility of colloids in the subsurface is con-
trolled by the stability of the colloids in ground water,
chemical interactions between colloids and immobile
matrix surfaces, and hydrological and physical factors.

4.0 Task 2: Actinide transport processes 4-21

Particles can be removed by mechanical filtration through
smaller pore spaces. Changes in aqueous chemistry can
cause aggregation of colloidal particles or, if electrostatic
and London-van der Waals forces are present, attachment
to immobile surfaces (McDowell-Boyer and others,
1986). Colloids can be destabilized by increases in ionic
strength, which result in compression of the double layer
surrounding particles, by pH-induced changes in surface
charge, or by the presence of strongly binding ions that
decrease the net surface charge (McCarthy and Deguel-
dre, 1993).

A significant problem in studying colloid mobility is
ensuring that the colloids recovered from the wellbore are
representative of conditions in the aquifer. Drilling redis-
tributes material, creates fine particles, and introduces
materials such as drilling mud. Sampling procedures can
remove existing colloids attached to the immobile solid
phase, create colloids during sampling, create colloids
during separation from solution, or cause changes in the
chemical and physical properties of natural colloids by
altering the oxygen and carbon dioxide content, tempera-
ture, pH, Eh, and light as ground water is brought to the
surface. Nucleation and precipitation of colloids on filter
material can be mistakenly interpreted to indicate the
presence of colloids in a water sample.

Colloids in ground water from proposed or existing
nuclear waste sites have been measured. Up to 5 mg/L of
colloids in water from fractured granites in Canada have
been measured. They consisted of clay minerals, micas,
quartz, feldspar, iron-silica oxides, and organic matter
(Vilks and others, 1991). Naturally occurring colloids
ranging in size from 0.050 to 1 !Am in ground water from
fractures in the crystalline bedrock of the Grimsel site in
Switzerland have also been measured (Smith and Deguel-
dre, 1993).

4.5.2 Previous studies of actinide colloid formation and
transport

Am, U, Np, and Pu oxides and hydroxides can exist
as colloids in ground water (McCarthy and Degueldre,
1993). Evidence for association of actinides with colloids
comes from laboratory batch and column experiments and
field studies.

4.5.2.1 Batch experiments

Formation of actinide colloids in laboratory experi-
ments is dependent on the experimental conditions. The
pH, concentration of complexing agents, including OH,
CO3, PO4, SO4 and F, and actinide concentration all affect
whether colloids will form and at what rate. For aqueous
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solutions of actinides, polymers begin to form as pH

increases. Increasing the pH of Pu and Am solutions with
initial concentrations ranging from 1x10-7 to 1x10-11 M

led to colloid formation at pH values between 7 and 9

(Ramsay, 1988).

Am solubility is smallest at a pH of 8. When Am

stock solution was added to synthetic ground water, 80

percent of the Am was found to be in colloidal form; the

colloids were between 0.008 and 0.450 pm in size (Vilks

and Drew, 1986). Colloid formation increased over a

4-day period before stabilizing. Geochemical modeling

indicated that the solubility product for AmOHCO3 had

been exceeded. In a similar experiment using saltwater,
no Am colloids formed.

Adsorption of actinides by colloidal particles has
been shown to affect calculated Kds. Higgo and Rees
(1986) found that Am, Np, and Pu Kd values decreased as

ratios of solids to solutions increased. They attributed this

behavior to increasing concentrations of colloids with

adsorbed actinides moving through the 0.22-µm filters
that were used to separate the solid phase from the aque-

ous phase. Thus, the presence of actinides on colloids in

the aqueous phase led to erroneously large solution con-

centrations and small Kd values.

Actinides have been shown to form colloid-sized

complexes with organic molecules. Sheppard and Kittrick

(1983) noted the presence of Am complexes with humic

acids in the 0.001- to 0.010-p.m size range. Nelson and

others (1985) determined that colloidal organic carbon

and natural sediments used in laboratory experiments had

approximately equal affinities for Pu (IH+IV). Once com-

plexed with the colloidal organic carbon, the Pu was

mobile and unavailable for sorption by the natural sedi-

ments.

The association of actinides with organic carbon

potentially can be an effective method for mobilization

and transport from waste disposal sites. Organic material

such as paper, cardboard, clothing, plastics, and other

materials contaminated with radionuclides have been bur-

ied at the SDA (Humphrey and others, 1982). Vilks and

others (1998) put compacted organic waste into airtight
steel containers filled with water. After 18 months, the
aged leachate contained 74 to 5,074 mg/L organic carbon

and 5 to 110 mg/L of organic colloids. The leachate also
contained large concentrations of Fe and Al, which could
aggregate as colloidal particles.

Sheppard and others (1980b) measured U associated
with colloidal humic molecules in the 0.001- to 0.010-pm
size range. These were batch experiments with soils.
Sheppard and others (1980a) found evidence for U and
Am complexes with large humic acid molecules (0.010 to

0.060 µm) in water from soils. Sheppard and others
(1979) found evidence for Am and Np associated with a
wide range of potentially mobile soil particles in the
<0.001 pm to 0.20 pm size range.

4.522 Column experiments

Colloidal transport of actinides in column experi-
ments has been documented (Champ and others, 1982).
Pu(IV) was applied as a spike to intact saturated-zone
sand cores from the Chalk River Nuclear Laboratories,
Ontario, and then eluted with uncontaminated ground
water. Conditions were oxidizing; pH was 6.7, and HCO3
(9.5 mg/L), SO4 (18.5 mg/L), and Ca (6.1 mg/L) were the
major ions. Small concentrations of Pu (mostly IV) were
detected within 1 day of loading. The amount of Pu in col-
umn effluent increased gradually with time. At steady
state, about 34 percent of the Pu in column effluent was
associated with particulates (>0.450 pm), 16 percent was
colloidal Pu (0.050 to 0.450 pm), 18 percent was 0.0028-
to 0.050-pm sized colloidal Pu, 28 percent was associated
with a molecular weight between 500 and 10,000, and 6
percent was dissolved (<500 molecular weight). When
columns were cooled to 0°C, the Pu release rate decreased
fourfold within 48 hours. Upon reestablishing 22°C, 20
days were required to establish original equilibrium con-
ditions. Release of Pu associated with both colloids and
particulates was totally inhibited by antibiotic treatment.
Release mechanisms were discussed by Champ and others
(1982), but biologically mediated release of Pu is indi-
cated by the data.

Seitz and others (1978) eluted Am and Pu through
limestone, sandstone, and tuff columns. About 0.1 percent
was eluted within a couple of pore volumes. Most of the
Am(HI) and Pu(IV) was concentrated near the inlet port of
the column. Am(III) and Pu(IV) concentrations decreased
exponentially along the column length. Transport could

have been associated with a colloid or as discrete colloidal
hydrolysis products.

4.5.2.3 Field studies

Actinide colloids in ground water have been mea-
sured. Wastewater containing Am and Pu was disposed of
in pits at Los Alamos National Laboratory in the 1940s
and 1950s. Both Am and Pu in Mortandad Canyon, New
Mex., several kilometers from the disposal sites, have

been measured. Conductivity of ground water in this area
ranges from 220 to 900 µS/cm. The Am and Pu was asso-

ciated with colloids having the same chemical composi-
tion as the soil matrix (Nuttall and others, 1991).

At a location 3.4 km from the disposal pits, Pu and

part of the Am were associated with 0.0025- to 0.450-pm



sized colloids. About half of the Am was associated with
a low molecular weight (<0.002 gm) anionic complex of
unidentified origin. Pu concentrations decreased expo-
nentially along the flowpath. Am concentrations were
variable (Penrose and others, 1990). The lithology of the
disposal site is tuff, sand, silt, and clay derived from tuff.
The researchers concluded that some Pu and Am could be
transported by surface water during runoff events, but
they stated that tritium oxide transit-time measurements
indicated that most water movement took place in the sub-
surface.

Pu and Am colloids in the Bandelier Tuff beneath the
former liquid waste disposal site at Los Alamos also have
been measured. Laboratory studies found that essentially
all Pu was retained within the top few millimeters of tuff
core; however, in the aquifer 30 m below one disposal pit,
Am and Pu concentrations as large as 5,000 Bq/kg were
measured. In 1961, 20.5 m of additional water was added
to this pit to change the distribution of radionuclides
below the pits. Pu was found only 6.5 m below the bed,
and Am was found 13.4 m (Nyhan and others, 1985).

About 5 percent of the U(VI) in ground water from
the Koongarra deposit in Australia was associated with
colloidal (defines as 0.0015-1.0 gm) kaolinite and silica
(Payne and others, 1992). The remainder of the soluble U
probably was transported as carbonate complexes.

4.5.3 Evidence for colloid-facilitated transport of
actinides atthe Idaho National Engineering and
Environmental Laboratory

Transport of actinides associated with colloids in the
subsurface at the SDA has not been proven conclusively.
Results, however, from field sampling and laboratory col-
umn experiments indicate that colloid-facilitated transport
of actinides could occur.

4.53.1 Field evidence

Pu and Am in the subsurface at the INEEL have been
measured. A memo from Jim Navratil to Doug Jorgensen,
May 26, 1996, stated that Pu had migrated to the B-C and
C-D interbeds. Possible transport mechanisms include
formation of water-soluble organic or hydroxyfluoro
complexes, or transport as colloids. Navratil and Jor-
gensen concluded that some of the reported detections of
Pu were the result of analytical error or contamination.

Estes and McCurry (1994) showed that colloids are
transported in the subsurface at the INEEL. Ground water
was collected from USGS 45, USGS 46, and Site 14 using
a straddle packer to isolate intervals. Ground water was
filtered through 0.45-, 0.20-, 0.010-, and 0.02-gm mem-
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brane filters. The water was supersaturated with respect to
amorphous silica, calcite, and dolomite. Filters were ana-
lyzed by electron microscopy/energy dispersive X-ray
spectroscopy (EDS) and point counting to determine con-
centration and composition. About 60 percent of the col-
loids were rounded and composed of Ca. About 5 percent
were composed of ferrihydrite. Others were composed of
Mg, Fe, Si, and Ca, and likely were clay. The authors sug-
gested that some of the colloids could have been dis-
lodged from fracture walls by pumping turbulence. Con-
centrations ranged from 2.1 to 1.8 mg/L for >0.45 gm in
size, and 2.3 to 9.8 mg/L for <0.45 gm in size. For the 55-
to 56-m depth, concentrations were 1.0, 2.7, and 6.1 mg/
L for colloids of 0.20, 0.10, and 0.02 gm sizes, respec-
tively, and 1.2 mg/1 for colloids between 0.45 and 1.20
gm. Concentrations and size ranges of colloids in other
depth intervals were similar to those in the 55- to 56-m
depth. The results show that colloids exist in ground water
at the INEEL; however, pumping dislodges some of the
particulates attached to the fracture wall. This disturbance
could skew measurements of the natural colloid concen-
trations. At one site, more than three borehole volumes
were purged because initial water was brownish. Frac-
tures and vesicles in basalt from beneath the SDA contain
clay minerals and even some sand and silt (Right-mire and
Lewis, 1987a); although the coarse material indicates
transport of particles larger than colloids, it is likely that
colloidal transport also occurs.

4.5.3.2 Laboratory column experiments

Fjeld and others (1998) conducted column experi-
ments to evaluate Pu(111+1V) and Pu(IV+V) transport in
interbed sediments from the 1NEEL. The Pu was added to
a synthetic perched ground water that contained potential
complexing ligands. Batch distribution coefficient mea-
surements indicated that Pu retardation by interbed mate-
rial should be large; however, field measurements of Pu
below the SDA suggested that Pu may have migrated
through at least one interbed layer.

Column experiments were conducted by using inter-
bed solids, both unwashed and washed, to remove col-
loids. A spike of Pu was added to the columns and then
was eluted with uncontaminated ground water. The inter-
bed material was composited from cores collected at five
different depths ranging from 50 to 120 m and sieved to
<250 g_un. The interbed material was composed primarily
of silt and clay. The synthetic ground water contained
about 2000 mg/L of TDS, primarily Na, CO3, SO4, and
Cl, and 1.3 mg/L of humic acid, 1.3 mg/L of EDTA, and
20 mg/L of F.
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Columns were 8 cm long; inside diameters were

1.5 cm. Columns were dry-packed in 1 cm intervals by

tapping to consolidate the sediment. One pore volume was

5.5 mL and the flow rate was 0.3 mL/min, equivalent to a

linear velocity of 6.9 m/d. From 1,000 to 2,000 pore

volumes of Pu-free water was eluted after the initial Pu

spike was added.

Initial Pu concentrations were about 100 Bq/nril. for

Pu (III+IV) and 350 Bq/mL for Pu (IV+V). The washed

columns were washed at a rate of 0.3 mL/min for 24 hours

at pH 8, 24 hours at pH 10.7, 24 hours at pH 12, and 48

hours at pH 8.

In the Pu(IV+V) experiments, a small peak of Pu was

eluted from the unwashed column when between 1 and 2

pore volumes had been eluted. The concentration of Pu

that was eluted was about 0.07 percent of the initial spike

concentration. For the washed columns, the effluent peak

was 0.03 percent of the initial spike concentration. These

peaks were followed by a nonzero residual for the remain-

der of the experiment. Total recovery was 4.3 percent for

unwashed and 2.7 percent for washed columns. About 33

percent was Pu(IV) and about 71 percent was Pu(V).

In the Pu(Lll+IV) experiments, the concentration of

Pu eluted from the unwashed columns when between 1

and 10 pore volumes had been eluted was steady at almost

2 orders of magnitude larger than background concentra-

tion. This was followed by a large peak that reached a

maximum at between 20 and 1,000 pore volumes and had

a retardation factor of 40. Total recovery was about 60

percent. The concentration of Pu eluted from the washed

column when between 1 and 20 pore volumes had been

eluted was steady at 1 order of magnitude larger than

background concentration. This was followed by no

detectable concentration from between 30 and 90 pore

volumes, a broad peak that extended from between 100

and 1000 pore volumes, and a maximum concentration

between 500 and 800 pore volumes. Total recovery was

16 percent. About 48 percent was Pu(IV) and about 51

percent was Pu(IR).

Pu(IV+V) was more strongly sorbed than Pu(III+IV)

and sorption was stronger in the washed columns.

Approximately 90 percent of the sorbed Pu(IV+V) in the

washed column was in the first 2 cm of the column. About

70 percent of the sorbed Pu(IV+V) in the unwashed col-

umn was in the first 2 cm of the column. About 55 percent

of the Pu(Ill+IV) in the washed column was in the first

2 cm, and about 15 percent of the Pu(III+IV) in the

unwashed column was in the first 2 cm.

Sr also was included in the initial spike. There was

little difference in the Sr concentration profiles between

unwashed and washed columns. A single peak of Sr was

eluted between 50 and 500 pore volumes. There was no

evidence of a high-mobility fraction.

Results of these column experiments indicate the

presence of multiple physical and chemical forms of Pu

having different mobilities depending on the oxidation

state of the Pu and the geohydrological history of the

interbed. The implication of the results, if they accurately

represent field conditions, is that transport models based

on a single retardation factor calculated from batch distri-

bution coefficient measurements may not accurately

reflect actinide transport in the subsurface at the SDA. In

the Pu(III+IV) experiments, there was a small, high-

mobility fraction, a large, moderate-mobility fraction, and

a large low-mobility fraction. In the Pu(IV+V) experi-

ments there was more sorption, but also a small high-

mobility fraction.

Possible mechanisms for Pu transport in these exper-

iments include transport as an aqueous complex with F,

CO3, EDTA, or humic acid, transport as a hydrolyzed

solid, or transport as a sorbed phase on a mineral surface.

The fact that more Pu(Ill+IV) was eluted from the

unwashed column (60-percent recovery) than from the

washed column (16-percent recovery) indicates that at

least part of this fraction of Pu was associated with fine-

grained minerals capable of being transported under these

experimental conditions. Similar behavior would be

expected for the Pu(1V+V) columns, yet there was only a

small difference between the amount recovered from the

unwashed (4.3 percent) and the washed (2.7 percent) col-

umns. Additional data on the oxidation state of Pu in the

column effluent could be used to quantify parameters for

use in a solute transport model.

Newman and others (1995) also evaluated actinide

transport in column experiments. Composite interbed sed-

iment and crushed basalt were used. A spike of about one

pore volume of synthetic ground water containing either

Am, Pu(V), or U was added to the columns, and then 200

pore volumes of actinide-free ground water was eluted.

The synthetic ground water used in these experiments was

more dilute than the water used by Fjeld and others

(1998). There was no added organic matter or EDTA, and

F concentrations were only 0.5 mg/L. The columns were

15 cm long; inside diameters were 2.5 cm. Flow velocities

were about 6 m/d.

There were peak concentrations of both Am and Pu

when the first few pore volumes of all columns were

eluted. The peaks for the coarser grained crushed basalt

columns were much larger than those for the finer-grained

sediment interbed columns. The Pu peak concentrations

for the interbed columns were comparable to the

Pu(IV+V) peak concentrations in interbed columns in



experiments by Fjeld and others (1998). There were no
data to indicate whether Am and Pu were eluted from the
columns as aqueous complexes or as colloids. In these
experiments, materials that passed through a 0.2 pm filter
were considered.

The flow velocities used in these experiments were
probably faster than expected velocities through the inter-
beds beneath the SDA. Other column experiments
showed that decreasing column velocity decreased the
size of the eluted actinide peak; however, the location of
the peak did not change.

4.5.4 Summary of colloid-facilitated transport of
actinides

Evidence for the association of actinides with col-
loids comes from batch and column experiments and from
field studies. Actinides are associated with a wide range of
particle sizes, from the 500-molecular-weight range to
clay sized and larger. They can exist as organic colloidal
complexes and precipitates, and they can be sorbed by
other minerals.

In laboratory column experiments, actinides eluted
from columns packed with interbed sediments at a much
faster rate than would be predicted from equilibrium sorp-
tion of aqueous species. This enhanced-mobility fraction
was attributed to colloidal transport. The columns were
relatively short; flow velocities through the columns were
faster than expected velocities through the interbeds at the
SDA but similar to expected velocities though fractured
basalt. It is possible that actinide-bearing colloids migrat-
ing from the SDA could be mechanically filtered from
suspension or removed by chemical or electrostatic
forces. Better characterization of the colloids responsible
for the enhanced breakthrough of Am and Pu observed in
the column experiments is needed if this phenomenon is
to be modeled. In addition, the percentage of actinides that
could be associated with colloids and the percentage that
could be in soluble complex form have not been deter-
mined.

The infilling of fractures and vesicles in the basalt
beneath the SDA suggests the possibility of colloid trans-
port; however, colloids at deep basalt intervals could have
been transported from the surface or from interbeds
immediately above the basalts. Colloids in fractures and
vesicles also could have been emplaced as interbeds were
forming.

One explanation for the occurrence of Pu in the B-C
and C-D interbeds is that Pu mobility was enhanced by
colloid transport. This explanation is consistent with both
the strong association between Pu and colloids observed
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in the laboratory and the evidence of the existence of col-
loids at the SDA. The occurrence of Pu in the B-C and
C-D interbeds is also consistent with transport with small
amounts of sorption. The small amount of sorption can be
explained either by the formation of soluble complexes,
notably CO, -2, or by slow sorption kinetics. Further study
is needed to identify the geochemical characteristics of
the subsurface water at the SDA, the sorption properties
for the relevant variable geochemical conditions, and the
geochemical and transport properties of the subsurface
colloids.

4.6 Summary

The purpose of this chapter is to determine what
-physical and geochemical processes might be invoked to
explain observed detections. Generally, three factors are
likely to affect actinide transport in the unsaturated and
saturated zones near the SDA. These include preferential-
flow mechanisms, the effects of redox conditions on
actinide speciation, and colloidal transport of actinides.
Because the sorptive characteristics of colloid-sized mate-
rial are poorly understood and the formation of actinide-
containing colloids is dependent on solution chemistry
and redox conditions, it is difficult to evaluate colloidal
transport of actinides at the SDA. Preferential flow and
redox conditions are summarized in the following para-
graphs.

The conceptual flow model as implemented in the
numerical simulator assumes that infiltration beneath the
surficial sediments is gravity driven and that the infiltra-
tion rates vary in space but are generally constant in time
(Magnuson and Sondrup, 1998, p. 1-5). These assump-
tions do not account for transport of actinides outside the
SDA boundaries under the relatively low infiltration
fluxes that are applied at the land surface. The presence of
238Pu and 239'24°Pu (undivided) in water from well D-15
(chapter 3, this report; S.O. Magnuson, LMITCO, oral
commun., 1999) indicates that the preferential-flow
mechanisms described in chapter 2 of this report that can
cause local increases in flux can also affect contaminant
transport. Lateral movement of water and contaminants
would help explain the presence of contaminants of con-
cern (COC' s) outside the SDA boundaries. Lateral move-
ment of water also would be consistent with the docu-
mented lateral movement of concrete grout for a distance
of 168 m at the SDA (Rightmire and Lewis, 1987a, p. 64).
It has been noted that there are gaps in the A-B and B-C
interbeds beneath the SDA (chapter 2, this report). These
interbed gaps could serve as drains for infiltrating water
that has reached the basalt-interbed interface and moved
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along the contact. The small number and seemingly ran-

dom nature of radionuclide detections identified in chap-

ter 3 of this report also indicate preferential flow in the

subsurface at the SDA. These preferential-flow mecha-

nisms add complexity to the geohydrologic system and to

the computational scheme of the flow model, for example,

extreme events such as flooding overwhelm the capacity

of the system to transmit water through vertical fracture

systems in the unsaturated zone. This incapacity forces

lateral movement of water through horizontal fracture

systems and could be the reason for the presence of

COC's in the B-C interbed at well D-15, south of the west-

ern boundary of the SDA.

Generally, the ground water at the INEEL (and the

SDA) is in oxidizing conditions: the ground water is satu-

rated with DO and contains little organic carbon. At the

SDA, a large amount of organic carbon (cardboard, wood,

solvents, and other materials) and other waste was buried.

As a result, it is likely that reducing conditions exist near

the buried waste. These conditions will not persist indefi-

nitely because the continual atmospheric supply of oxy-

gen ultimately will consume all of the organic carbon

associated with the waste. When this process is complete,

oxidizing conditions will be reestablished. It is difficult to

predict when this will occur. Am, U, Np, and Pu exist at

the SDA in several different oxidation states. In this chap-

ter, it has been shown that the transport and sorptive char-

acteristics of these elements are affected by their oxida-

tion state and by the redox conditions to which they are

exposed. An important consideration when evaluating the

mobility of these elements is whether current monitoring

methods reflect long-term or transient conditions. It is

possible that elements that are immobile in reducing con-

ditions will convert to oxidation states that are mobile in

oxidizing conditions. Hence, a change to oxidizing condi-

tions could significantly affect actinide migration. For

these reasons, it is necessary to have a good knowledge of

the oxidation state of the COC's disposed of at the SDA

and the oxidation state of any actinide detected at or near

the SDA. Although the existing thermodynamic data sets

are incomplete and inconsistent, surface complexation

modeling techniques can help in evaluating actinide trans-

port if the oxidation state of the element and redox condi-

tions are known. Therefore, emphasis should be placed on

identifying oxidation states and types of complexes or

species formed by actinides detected at the SDA. This

knowledge is necessary for the accurate prediction of

actinide transport from buried waste at the SDA.

Magnuson and Sondrup (1998, section 5.4.1) dis-

cussed observed concentrations of 241Am, 238Pu, 
and

239'240PU in sediment from beneath disposal pit 2, the B-C

interbed, and the C-D interbed at the "triad" location,

which includes wells TVV-1, D-02, and 79-2 (located

within 10 ft of each other in the north central part of the

SDA). They compare the positive results at the B-C and

C-D interbed depths to maximum model-predicted values

at similar model locations and to the overall maximum

values predicted by the model from all locations within

the SDA. For the B-C and C-D depth intervals, the

observed concentrations were 2 to 4 orders of magnitude

greater than the predicted concentrations. The "triad"

location is the only site in the SDA with concentrations in

interbed samples larger than the minimum detection level

(MDL) of 5x10-14 Ci/g established by the contractor's

sample management office (SMO). They concluded that,

because the "triad" samples were greater than predicted

values, the model underestimated actinide migration at

the SDA. However, they also concluded that, because of

the lack of detections at other sites within the SDA, the

model overpredicted migration at those sites. These con-

clusions seem contradictory and point out the weakness of

using non-detection of actinides to confirm model predic-

tions of values less than the MDL.

The fact that detections occurred in the subsurface at

the "triad" location combined with the inability of the

transport model to predict these detections indicates that

there is a problem in the construction of the model. The

failure of the model to predict these detections could be

related to the assumptions in the conceptual model. For

example, a single Kd was uniformly applied in the model.

The Kd was derived from a laboratory experiment con-

ducted on the fine-grained fraction of a composite sample

using a synthetic liquid that was not representative of

local water chemistry. It also was assumed that the inter-

beds were lithologically uniform, fine-grained material

that was effective in retarding movement of contaminants.

This is in spite of the limited knowledge about the charac-

teristics and distribution of the interbeds. Kds and their

application to transport analysis is discussed extensively

in chapter 5. The model may have underpredicted the

actinide detections because (1) it does not adequately

account for rapid movement of actinides past the inter-

beds by one or more of the preferential-flow mechanisms

discussed in chapter 2, (2) the actinides may be in differ-

ent forms resulting from different redox conditions in the

source area and the area where the detections occur, or (3)

the areal variability of actinide releases in the source area.

The failure of the model to predict these detections indi-

cates that significant characterization of the factors con-

trolling actinide transport needs to be done. Particularly,

data should be collected to adequately describe the varia-

tion in Kd resulting from differences in the areal distribu-



tion, thickness, and composition of the interbeds. The
effects of preferential-flow mechanisms needs to be better
understood. Understanding the form of the actinides is
necessary to explain either their movement or lack of
movement. Improving the understanding of these model
variables should allow for better model predictions.

The fact that actinide measurements below the MDL
occurred in all locations other than the "triad" location,
and that the model predicted concentrations less than the
MDL does not indicate that the model was successful in
predicting actinide concentrations at those locations, it
simply cannot be concluded one way or another. How-
ever, the inability to predict real detections at the "triad"
location argues that the model cannot accurately predict
actinide transport without a better understanding of the
hydrologic system.

The occurrence of actinide concentrations larger than
the MDL in the B-C and C-D interbeds at the "triad" loca-
tion indicates that some form of transport is moving
actinides from the SDA downward to the B-C and C-D
interbeds at this location. The general decrease in 238Pu
concentrations with depth from the B-C interbed to the C-
D interbed (from 1.18x1013 to 3.22x10-14 Ci/g) and for
241Am (8.40x10-13 Ci/g) and 239'240PU (1.07x10-12 Ci/g) to
less than the MDL also suggests that the B-C interbed may
effectively retard the migration of actinides at the SDA.
The migration of actinides to the B-C interbed and the
reduced migration to the C-D interbed points out that
some transport mechanism is active in this system and
also that some retardation mechanism is active in the B-C
interbed. In order to identify and evaluate these mecha-
nisms further, it is necessary to enhance the database
through additional data collection to define the continuity
of the interbeds, their hydraulic properties, their mineral-
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ogical composition, and their effect on transport of
actinides in this system.

The uncertainties and complexities of actinide trans-
port and the nonuniform distribution of actinides in the
environment at the SDA limit use of the data from these
detections in calibration of the model. As a result, the
model was calibrated by using NO3, which is considered
to be a conservative indicator of transport in the system.
The occurrence of a larger-than-background concentra-
tion of NO3 in water from well D-15 indicates both that
NO3 can move in the unsaturated zone and that the pref-
erential-flow mechanisms discussed in chapter 2 of this
report probably operate at the SDA. However, the redox
conditions near the SDA also can affect the stability of N
compounds. NO3 is the stable form of N in an oxidizing
environment; however, NO2 or NH4 generally is more sta-
ble in a reducing environment. If NH4 and NO2 were
removed to an oxidizing environment that contained nitri-
fying bacteria, then a two-step nitrification process that
first converted NH4 ion to NO2 and then NO2 to NO3
would take place. In this case, N would be conservative
and could be used to determine longitudinal and trans-
verse dispersivity. On the other hand, if nitrogen were
present as NO3 in a reducing environment, it probably
would undergo a N reduction process that converts NO3
and organic carbon to CO2 gas, water, hydroxide ion, and
N2 gas. In this case, N would not be conservative and
could not be used to determine dispersivity. Therefore,
sample collection to determine the distribution of NO3 in
the saturated and unsaturated zones should be expanded to
include other forms of N. This would further substantiate
the use of NO3 concentrations as a conservative indicator
of the movement of wastes.
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5.0 Task 3: Distribution coefficients (Kds) and 5.2 Literature review
their application to transport analysis

5.1 Introduction

The fate and transport of waste constituents in geo-
logic material are dependent on chemical and physical
processes that govern the distribution of constituents
between the solid, stationary phase and the aqueous,
mobile phase. This distribution often is quantified by an
empirically determined parameter called the Distribution
Coefficient (Kd). Many transport models for radionu-
clides use Kds to predict the extent to which the migration
of the constituent will be lessened relative to the mean
ground-water velocity. Although Kds are widely used,
their application implicitly assumes that all factors affect-
ing Kds are constant. However, these factors, which
include pH, the concentration of competing adsorbates,
the concentration of complexing ligands, and the avail-
ability and types of adsorption sites, generally are not con-
stant in field environments such as the INEEL. Therefore,
Kds may not adequately describe the transport and fate of
waste constituents in some environments.

This section of the report evaluates the reliability of
Kds and their application to transport analysis at the Sub-
surface Disposal Area (SDA), as described in the Interim
Risk Assessment (IRA) (Becker and others, 1998). The
evaluation includes a review of the literature on Kds that
are specific to the SDA, as well as Kds reported for similar
subsurface sediments elsewhere. The Kds are evaluated in
terms of the existing subsurface mineralogy and aqueous
geochemical conditions. The experimentally determined
Kds for Am, U, and Pu used in the IRA model are dis-
cussed in section 5.3, and the Kds for Np from previous
studies are evaluated in section 5.4

This evaluation specifically considers the Kds used
for Am, U, Np, and Pu, the experimental protocols used to
determine the Kds, and the adjustment of the reported Kds
to account for site-specific conditions such as the pres-
ence of carbonate from caliche layers. This evaluation
also examines the extent to which the ICI concept may be
applicable to the SDA, as well as the uncertainty associ-
ated with the Kds used for fate and transport modeling.
Many factors contribute to the uncertainty, including
extrapolation of the laboratory-derived Kds to field condi-
tions and the effects of spatial variability of the sorbing
phases.

The actinides comprise the series of radioactive ele-
ments from actinium (atomic number 89) to lawrencium
(atomic number 103). Of specific interest at the SDA are
Am, U, Np, and Pu. The dominant species of these ele-
ments in ground-water systems are given in table 5-1.

Table 5-1 Important (*) and usually unimportant (**) oxidation
states of some actinides in natural rock-water systems (from
Langmuir, 1997)

Actinide Actinide Element/atomic number
cation  charge
(An) U/92 Np/93 Pu/94 Am/95

An022+

An02+

An4+

An3+ **

5.2.1 Kd basics

"Kd or not Kd, that is the question." (Rancon, 1986).
Kds for radionuclides on earth materials have been

measured and used in environmental assessments at
nuclear facilities since the early days of operations at
these sites. The number of measurements has been
described by Bror Jensen (1982) of Riso National Labora-
tory, Denmark, as "almost incalculable." The applicabil-
ity and limitations of the Kd concept will be introduced
here.

Sorption processes can be studied in the laboratory by
a batch method. This involves adding a known quantity of
sorbate (for example, a radionuclide) to a system contain-
ing a known quantity of sorbent (for example, soil, rock).
After equilibration at constant temperature, the quantity
of sorbate on the solid, and that remaining in solution are
measured. The initial solution concentration is varied and
the equilibration and analysis process is repeated. Sorp-
tion isotherms are plots of the quantity of sorbate on a
solid sorbent per unit weight of sorbent (pCi/g), versus the
equilibrium solution concentration of the sorbate
(pCi/mL). A typical sorption isotherm for a trace solute
sorbing onto a solid is shown in figure 5-1. The maximum
percentage of the solute is sorbed at the smallest sorbate
concentration. A tangent drawn to the steep, initial portion
of this empirical curve gives the ratio of the amount
sorbed to the concentration in solution. This slope has
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been designated as the "distribution coefficient," Kd

(Langmuir and Mahoney, 1984) (equation 4.1). Measured

Kds are typically reported in units of mL/g or L/kg. A non-

reactive sorbate will have a Kd near 0; a reactive sorbate
may have a Kd of 102 to 103 or larger.

The larger the Kd, the greater the retardation of the

solute. This is reflected in the retardation factor, RF (equa-

tions 4.2 and 4.4). In laboratory column experiments

where RF is measured, Kd may be calculated by the equa-

tions above. The column method represents an alternative

to the batch technique. Although the column method is

more labor intensive than the batch method, it does allow

for the identification of species of differing mobilities, for

example, a "fast fraction," that otherwise may be lumped

in the batch method.

Distribution coefficients are typically normalized on

a per unit weight of sorbent basis. However, they also may

be normalized on a per-unit-of-surface-area basis

(mL/m2). The distribution coefficient in terms of surface

area, Ka, is related to the more commonly used Kd by:

Ka = Ka
SA

(5.1)

where:

SA = specific surface area of the sorbing phase (a

mineral, soil, crushed rock or any porous medium), in area

per mass.

Bertetti and others (1998) have shown how surface-

area measurements, as a relative measure of the number of

sorption sites on a mineral surface, can be used to com-

pare the Np(V)-sorbing properties of different materials.

Whereas the Kd data in figure 5-2a suggest differing sorp-

tion properties between two types of quartz and alumina

powders, normalization to surface area (fig. 5-2b) showed

similar Kas. Similar findings for U(VI) sorption on a vari-

ety of minerals have been reported by Pabalan and others

(1998). Although montmorillonite Kids over a pH range of

2 to 9 are as much as an order of magnitude larger than

those for the zeolite mineral clinoptilolite, their Kas are

almost identical. For fractured media, Ka can be used in

modeling the sorption of contaminants. For uncoated frac-

tures, an estimate of the surface area of the fracture walls

would be used. However, Rightmire and Lewis (1987a)

have shown that many of the basalt fractures in the unsat-

urated zone at the SDA are coated or filled with clays,

iron-stained quartz sand, calcium carbonate, and other

fine-grained materials. In modeling the sorption of con-

taminants in these fractures, Magnuson and Sondrup

(1998, p. 5-2 to 5-6) used the specific surface area of the

material coating the fracture in the Ka term; extrapolating

from surficial sediment data from the SDA, this value was

20 m2/g.

The Kd determined for a given constituent in the lab-

oratory is unique to the solution properties (pH, compet-

ing ions, complexing ligands, etc.), and sorbent properties

(mineralogy, organic matter content and character, sur-

face area, etc.) being investigated. The Kd may vary with

the method used to determine it—batch, column, or in

situ—as well as with intramethod variations, such as the

solid: solution ratio in batch experiments, flow rates in col-

umn experiments, and particle-size fractions measured for

in situ experiments. Caution is necessary when results

from laboratory experiments are extrapolated to field con-

ditions. Where solution composition is variable, for exam-

ple, in a contaminated ground-water system, solute trans-

port modeling based on a single Kd may have inherent

problems. Despite these limitations, Kd-based solute

transport modeling has been widely used in the study of

organic, inorganic, and radioactive contaminants in the

subsurface (Freeze and Cherry, 1979).

In situ measurements of Kd are rare but intrinsically

appealing, because sorption has occurred under field con-

ditions. Some investigators have determined in situ Kd by

measuring the ratio of the concentration of the radionu-

clide of interest in the sampled soil or rock interval, to the

concentration in the sampled ground water. In situ mea-

surements have included Kds for 239'240 at Enewetak

Atoll (Noshkin and others, 1976), and for 60Co, 1°6Ru,

and 125Sb at an unnamed low-level radioactive waste dis-

posal site (Fruchter and others, 1985). Other investigators

have approached the issue of Kds for selected transuranic

elements and fission products by measuring analog radio-

nuclides associated with natural decay series (natural ana-

log studies). For example, U(VI) can be used as an analog

for Pu(VI), and Th(IV) can be used as an analog for

Pu(1V) and Np(IV). Two approaches have been used for

in situ Kd measurement. One involves measurement of

only the solute phase (Krishnaswami and others, 1982).

The other involves measurement of both solid and aque-

ous phases, in some cases using selective extractants to

identify sorbed radionuclides. There has been consider-

able dialog on the uses and abuses of natural analog stud-

ies in assessments of radionuclide migration (McKinley

and Alexander, 1993; Ivanovich, 1993). Investigators at

Los Alamos National Laboratory, the University of

Southern California, and the INEEL indicate that U-series

and Th-series isotopes (in an approach which appears to

be similar to that of Krishnaswami and others, 1982) in

the Snake River Plain (SRP) aquifer are being investi-

gated as natural analogs of contaminant transport at the
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1NEEL (Luo and others, 1998; Roback and others, 1998).
Details of these applications are not yet available.

Kds generally imply retention by ion adsorption reac-
tions—ion exchange or specific sorption—retention by
the solid surface based upon its surface charge. However,
solutes can be removed from solution by other processes,
such as precipitation and coprecipitation, where new bulk
solid phases are formed (Sposito, 1984). For example, in
comparing trace metal binding constants (distribution
coefficients normalized by density of exchangeable sur-
face sites) in surficial ocean sediments from different
basins, investigators excluded Mn, Fe, and Ba from con-
sideration in sediments where enrichment appeared to be
due to the formation of Mn and Fe oxides and BaSO4,
rather than to adsorption (Balistrieri and Murray 1984).
The Kds determined when an acidic, radionuclide-bearing
solution comes in contact with a calcareous soil horizon
may reflect the combined effects of adsorption, coprecip-
itation, and/or precipitation onto and in freshly precipi-
tated Fe(111), Al, and Mn(IV) oxyhydroxides, as well as
ion exchange reactions with clay minerals. Langmuir
(1997, p. 356-357) refers to these as "lumped-process" or
"apparent" Kds, and presents an example of laboratory
neutralization of a Th-bearing water by CaCO3 to demon-
strate the nonlinear variation in apparent Kds from about
2 at pH 2 to about 15,000 at pH 8. These Kds are system
specific, and have limited transfer value to other systems
having different conditions or compositions.

5.2.2 Sorption processes

Experimental sorption data typically are described by
empirical measures such as Kd. Such empirical measures
provide little information on the mechanism of sorption
and are highly dependent on temporal and spatial varia-
tions in the chemical composition of the aqueous phase
and in the nature and properties of the sorbing solids.
Desiring a means to describe sorption in a general
geochemical framework of changing water chemistry and
nonuniform mineralogies, investigators have developed
Surface Complexation Models (SCMs) that describe reac-
tions between functional groups on mineral surfaces and
soluble species identified by aqueous speciation models
(Davis and Kent, 1990). Such SCMs have been developed
to describe U(VI) sorption on ferrihydrite (Waite and oth-
ers, 1994), quartz (Kohler and others, 1996), kaolinite
(Turner and Sassman, 1996), and montmorillonite
(Pabalan and Turner, 1997). SCMs have been used to sim-
ulate Np(V) sorption on montmorillonite (Tsukamoto and
others, 1997; Turner and others, 1998), gibbsite (Del Nero
and others, 1997), hematite (Kohler and others, 1999),

and magnetite and goethite (Fujita and others, 1995).
Turner (1995) reviewed additional studies on actinides,
including the use of SCMs to simulate the sorption of
Am(111) on alumina and amorphous SiO2, and Pu(IV, V)
on alumina and goethite. Most SCM investigations have
focused on monomineralic systems. Recent work by
Davis and others (1998) extended the application of the
surface complexation concept to complex mineral assem-
blages, in this case, Zn2+ sorption by an outwash sand,
aquifer material from Cape Cod, Mass. With continued
progress in the development of such models to address
complex geochemical environments, in the future these
models could be coupled with reactive-transport codes
and used as the method of choice in performance assess-
ment simulations of radionuclide migration at nuclear
waste sites. However, currently, transport calculations
used in these assessments continue to rely on empirical
sorption coefficients, principally Kd (Vandergraaf and
others, 1993; Turner, 1995).

As previously noted, many experimental factors can
influence Kd determinations. These include:

• pH,
• Eh,
• speciation of sorbate,
• concentration of complexing or competing solutes,
• solid:solution ratio and method of phase separation at

the end of an experiment,
• radionuclide concentration,
• adsorption versus desorption measurements,
• time,
• temperature, and
• properties of the sorbent, including particle size.
The thousands of batch Kds in the literature have

been determined by many laboratories, each with its own
procedure. These procedures often are not well docu-
mented in the reports. Several standardized procedures
have been developed for batch Kd measurements (Ameri-
can Society for Testing and Materials, 1987, 1993; Relyea
and others, 1980). The standard batch Kd procedure of
Relyea and coworkers at Pacific Northwest National Lab-
oratory (PNNL) (1980, appendices A and B) was devel-
oped for Department of Energy's (DOE) Office of
Nuclear Waste Isolation as part of the Waste/Rock Inter-
action Technology (WRIT) Program. The procedure is
highly detailed and contains information of specific value
in radionuclide Kd measurements; for example, cautions
on preparation and addition of tracer to ground water. This
program also has produced recommendations on column
methods for Kd measurement (Relyea and others, 1980,
appendix C; Relyea, 1982). The latter report contains spe-
cific recommendations on water velocity and column
dimensions.
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One of the goals of the WRIT Program was to pro-

duce a critically reviewed data base of Kd values for a

suite of long-lived radionuclides on rocks, sediments, and

minerals at candidate repository sites over a wide range of

ground-water compositions (Serne and Relyea, 1981).

This data base effort has not been sustained at PNNL. In

recent years, there has been a strong push in the perfor-

mance assessment community for reliance on site-specific

Kds, rather than literature-derived values (Krupka and

others, 1999; Kaplan and Serne, 2000).

5.221 Alternatives to single Kd values
It is apparent that with all of the experimental vari-

ables noted above that can influence a Kd determination,

and with the field-scale spatial variability in sorptive

properties of earth materials, it is difficult to characterize

a complex and dynamic transport system with a single Kd

value. Investigators have suggested various means to deal

with this problem:

• Turner (1995) has suggested using surface corn-

plexation models to assess the effect of critical system

properties (for example, pH) for conditions beyond the

range used in the sorption experiments. The calculated

sorbed and aqueous-phase concentrations can be used to

generate a range of Kd values predicted as a function of

these variables. The range of Kds thus developed can then

be used in transport calculations to bound the simulation,

rather than assuming a single case.

• Serne and Relyea (1981) considered the inability of

the batch method to differentiate multiple species of a

radionuclide as this method's major limitation. They rec-

ommended using at least two methods (for example, batch

and column) in concert to bound radionuclide migration

assessments. Such a combined approach has been used by

Triay and others (1996) in evaluating sorption retardation

of Np by the Yucca Mountain tuffs.

• Vandergraaf and others (1993) consider the effects

of variables such as changes in mineralogy and ground-

water composition on Kds for given flowpath segments.

5.222 Importance of secondary minerals

Many lines of evidence testify as to the importance of

iron (Fe3+) oxides and manganese oxides as host phases

for trace metals and radionuclides in undisturbed and dis-

turbed earth materials. Many examples of this evidence

are described in a report by Jenne (1998a). In summariz-

ing priorities for future metal and radionuclide adsorption

research, Everett Jenne of PNNL noted (Jenne, 1998b; p.

551): "Iron oxides are nearly always an important adsor-

bent in natural systems and, except for reducing condi-

tions or the case where the Fe oxide concentration is low

or another adsorbent is relatively high, they are the domi-

nant adsorbent."

One of the earliest investigations highlighting the

importance of such phases in radionuclide retention

examined soils at the solid- and liquid-radioactive waste

burial grounds at Oak Ridge National Laboratory (Means

and others, 1978b). Using selective extraction procedures,
44

the investigators showed that 60Co, 
2 cm, 241Ain, and

238pu (lumped) were associated predominantly with Mn

oxides. The linear correlation coefficients between radio-

nuclide concentrations and Mn oxide contents in selected

soil samples ranged from 0.67 (2'Cm) to 0.94 (60Co). For

the same soils, the correlation coefficients between these

radionuclides and Fe oxide content ranged from 0.12

(6°Co) to 0.50 (21Am and 238pu) .The dominant associa-

tion with the Mn oxides occurred despite the fact that the

Fe oxides were present at concentrations 2 to 30 times that

of the Mn oxides. Like the Mn oxides, most of the Fe

oxides are poorly crystalline (amorphous by X-ray dif-

fraction). In contrast, work by Fruchter and others (1985)

on alluvial sediments from the 100 N Area low-level

radioactive waste disposal site at the Hanford Reservation

suggested that amorphic iron oxides were the dominant

sorbing phase for Np02+ [Np(V)]. Np sorption increased

as the amorphic Fe oxide content of the sediments

increased. Evidence suggested that Mn oxides, occurring

in small concentrations in these sediments, were a lesser

factor in determining the extent and pH dependence of Np

sorption in this system.

The presence of Fe oxides in the weathered basalts

and interbeds at the INEEL often has been reported in

qualitative terms. Ferrihydrite (or other unspecified Fe-

bearing minerals) and Fe oxyhydroxides have been

reported to be present as fracture-filling material in

basalts and in the interbeds at the Idaho Nuclear

Technology and Engineering Center (INTEC, formerly

the Idaho Chemical Processing Plant (ICPP)) and the

SDA (Estes and McCurry, 1994; Rightmire and Lewis,

1987a). Jorgensen and others (1994) noted that the

reddish brown color of the A-B interbed was due to the

oxidation of Fe-rich minerals, and that basalt pebbles with

Fe-filled vesicles were present in the B-C interbed.

Although the presence of these oxide phases has been

noted, their quantitative assay and characterization in

basalts, fracture fillings, and interbed sediments at the

INEEL has been very limited.

Much attention has focused on bulk mineralogic

analyses by X-ray diffraction (XRD) (Barraclough and

others, 1976, Table A-V; Rightmire and Lewis, 1987b,

table 7). In this latter example, Fe oxyhydroxides were, in

some cases, removed from interbed sediment samples
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from the SDA by a dithionite-citrate extraction (a stan-
dard pretreatment for XRD analysis of clay minerals).
This treatment also extracts Si, Al, and Mn oxides (Jack-
son and others, 1986). Such treatments have been used
routinely in soil and sediment XRD analysis to decrease
fluorescence by the Fe oxides, and thereby improve the
quality of the XRD patterns. Analysis of the extract solu-
tion for Fe and other oxide constituents can potentially
quantify and characterize important radionuclide sorbents
in the system. Rosentreter and others (1998) investigated
U sorption on sediments from the Delmarva Peninsula in
Virginia. Among the mineralogic characteristics of the
sediments examined were bulk mineralogy (by optical
microscopy), surface area, dithionite-citrate extractable
Fe, and oxalate extractable Al. No correlation was
observed between Kds and bulk mineralogic parameters
(for example, percent plagioclase feldspar). U Kds were
strongly correlated with surface area. Measured surface
areas were strongly correlated with amounts of hydrous
oxide coatings on the sediment (as measured by extract-
able Fe + Al). Kds could be predicted by a linear regres-
sion equation combining pH with either surface area or
extractable metals content. Rosentreter and others (1998)
noted the importance of characterizing the spatial vari-
ability of surface area, even at sites that appeared to be
mineralogically homogeneous, when attempting to
describe reactive properties such as Kd. Although atten-
tion tends to focus on the Fe oxides, the surface complex-
ation properties of Fe and Al oxides are similar, and clay
minerals with pH-dependent charge sites are assumed to
have surface characteristics similar to these oxides (Brad-
bury and Baeyens, 1993). Such pH-dependent charge sites
on clay minerals are in addition to permanent charge sites
that play a major role in the retention of cationic species.
Future sorbent characterization research at the INEEL
would benefit by focusing on secondary minerals, partic-
ularly oxides and clay minerals.

New surface spectroscopic techniques may yield
information on surface species and important sorbent
phases that can be useful in the development of SCMs to
simulate actinide retention. For example, Duff and others
(1999a) used X-ray absorption spectroscopy, in combina-
tion with microautoradiography, electron microprobe, and
petrographic microscopy techniques to study the bonding
environment of Pu on the zeolitic Topopah Spring Tuff
sampled at Yucca Mountain. Thin sections of the tuff
from the 450-m interval were exposed to a synthetic
ground water spiked with Pu(V). Large concentrations of
sorbed Pu were associated with smectite and Mn oxide
fracture minerals. Sorption of Pu to Fe-rich regions was
not observed. Both Pu(V) and Pu(VI) were observed as

sorbed species, indicating that heterogeneity is an issue in
terms of Pu oxidation at the surface (Duff and others,
1999a, 1999b). In a similar experiment in which a devitri-
fied sample from the Prow Pass Tuff was used, Pu was
concentrated in the zones of altered orthopyroxenes; these
zones contained amphiboles and Fe-rich amorphous
materials (Vaniman and others, 1996). Reduction of
Np(V) to Np(IV) at mineral surfaces in granites has been
postulated as an explanation for unexpectedly large Kds
(Hadermann and Gunten, 1988); X-ray absorption spec-
troscopy appears to be a tool to address such questions.

CaCO3 fills fractures and vesicles in many unsatur-
ated zone cores from near the SDA (Rightmire and Lewis,
1987a) and has been observed to sorb U (Milton and
Brown, 1987; Baudin and others, 1988), Np(V) (Morse
and Choppin, 1991), and Am (Higgo and others, 1986).
Rawson and others (1991) suggested that Am may be
preferentially sorbed with respect to Pu or coprecipitated
in calcareous surficial and interbed sediments at the SDA.
Follow-up mineralogic work to investigate this possibility
was noted as planned; the status of such work is currently
(1999) unknown.

5.2.2.3 Role of Fekbearing minerals

The basalts and interbed sediments at the SDA con-
tain Fe2+-bearing minerals. The basalts contain pyroxenes
and olivine as major mineral phases and magnetite as an
accessory mineral (Knutson and others, 1990). The inter-
bed sediments contain pyroxenes (predominantly augite)
and olivine (Bartholomay, 1990b, 1990c). Bondietti and
Francis (1979) first reported the reduction of the relatively
mobile species Np02+ [Np(V)] to a less soluble form
(probably Np02 [Np(IV)] or related hydrated phase) by
contact with various granites and basalts. The results of
laboratory experiments, performed under 02-free condi-
tions, are shown in figure 5-3. That this removal from
solution by the igneous rocks was associated with reduc-
tion to Np(IV) rather than sorption of Np(V), was demon-
strated by extraction from the rock, followed by a separa-
tion of Np(IV) from Np(V) by precipitation with
zirconium phenylarsonate. Experiments in which Pu(V)
was used as the starting species showed rapid reduction to
Pu(IV) by basalts, granites, and unweathered shales.
These latter rocks did not reduce Np(V). Work by Meyer
and others (1985) on Np(V) reduction and retention by the
Umtanum Basalt from the Hanford site showed that about
90 percent of the sorbed Np was present as Np(IV),
whether the system was oxic or anoxic. This suggests that
the process could be operative at ferrous mineral surfaces
in contact with the oxygenated ground water of the SDA
subsurface environment. With prolonged oxidation of



5-6 Review of the transport of selected radionuclides in the Interim Risk Assessment

basalt surfaces by oxygenated water, all the accessible

reactive ferrous iron components of the basalt likely will

be oxidized, thus decreasing the impact of the retention

mechanism.

Bondietti and Francis (1979) showed that pretreat-

ment of the Sentinel Gap Basalt (sampled north of the

Hanford Reservation) with sodium hypochlorite (to oxi-

dize Fe2+ to Fe3+) decreased the removal of Np from solu-

tion. The pretreated oxidized basalt showed essentially no

Np reduction. The removal of Np from solution by the

oxidized basalt may represent sorption of Np(V) by ferric

oxyhydroxides formed at ferrous mineral surfaces by the

oxidizing action of the sodium hypochlorite. Column

experiments in which fractured cores of unaltered and

artificially, hydrothermally-altered basalts from the Han-

ford site showed far greater retention of Pu and Np by the

unaltered basalts (Vandegrift and others, 1984). If reten-

tion of the radionuclides in the unaltered basalts is due to

reduction by ferrous iron, then the lesser retention in the

hydrothermally-altered basalts may reflect adsorption by

ferric oxyhydroxides formed at mafic mineral surfaces

during the autoclaving procedure used to alter the basalts.

Petrographic descriptions done as part of the vadose-zone

basalt characterization (Knutson and others, 1990) dem-

onstrate that flow tops (and sometimes flow bottoms) are

generally oxidized, showing a reddish or orange color that

may penetrate about 1 m below the flow surface. On crys-

tal faces and along grain-fracture surfaces of olivine

grains there are often brassy-appearing, surface oxidation

layers. Locally, oxidation of entire olivine grains may

occur.

The possible reduction of actinides by mineral-bound

ferrous iron received considerable attention in the Basalt

Waste Isolation Program (BWIP) as a possible retardation

mechanism. The preceding discussion suggests that its

importance in situ may be lessened by oxidation of ferrous

iron in water-bearing fracture and interbed zones. Its

importance in the interbed sediments and basalt fracture

zones at the INEEL has yet to be investigated. This

geochemical process also should be considered when

fresh basalts have been ground and used for Kd determi-

nations.

Besides Fe2+, other possible reductants for actinides

in the subsurface environment include naturally occurring

and synthetic organic substances (Bondietti and Sweeton,

1977; Cleveland and Mullin, 1993). The speciation of Am

and Pu in ground water at the SDA was investigated by

Cleveland and Mullin (1993). They found that water from

a perched zone at 65 m sampled at well USGS 92 within

the SDA had a greater ability to retain Pu, added as a sol-

uble, reduced [Pu(ILI), Pu(IV)] spike, in solution than did

any of the other water samples tested. Pu(IV) is probably

the dominant Pu form in the waste buried at the SDA

(Rightmire and Lewis, 1999). It also was the dominant

species identified in ground water sampled at well USGS

40 near the ICPP disposal well (Rees and Cleveland,

1982). Reduction of a major fraction of the Pu(IV) to the

more soluble Pu(M) oxidation state was demonstrated in

these laboratory studies. Cleveland and Mullin (1993)

suggested that the enhanced solubility of Pu in water from

well USGS 92 was due to the reducing action of dissolved

organic compounds and inorganic complexation by car-

bonate ions.

5.2.2.4 Influence of organic compounds on subsurface migration

of actinides

Organic compounds can form complexes with

actinides, which can influence both the solubility and

sorption behavior of these radionuclides. The organic

compounds may be naturally occurring (for example,

humic and fulvic acids) or may be organic materials dis-

posed of in the waste such as ethylenediaminetetraacetic

acid (EDTA). The latter class includes degradation prod-

ucts of organic materials in the waste (for example,

organic acids produced by the decay of cellulose).

Early work on the complexation of radionuclides by

humic substances in water has been reviewed by Boggs

and others (1985). The mobility of actinides may be

decreased in situations where these radionuclides bind to

insoluble humic materials (Boggs and others, 1985). The

formation of soluble complexes may enhance transport.

Figure 5-4 shows a strong inverse relation between the Kd

for Np sorption onto basalt from synthetic ground water

and the concentration of dissolved humic acid (a similar

pattern was seen with Am). A strong inverse relation

between actinide Kds and dissolved organic carbon

(DOC) has been observed in other geochemical environ-

ments—for example, in lake water receiving fallout-

derived Am and Pu(III, IV) (Nelson and Orlandini, 1986).

Cochrane and others (1996) showed that photo-oxidation

of organic carbon in the DOC rich water of the Ob River

(Russia) increased I<.ds for 241Am on river sediments by

one to two orders of magnitude.

Recent studies by McCarthy and others (1998a,

1998b) suggest that natural organic matter may play a key

role in the rapid ground-water transport of 241Am and

other actinides from shallow, unlined disposal trenches in

fractured-shale saprolite at Oak Ridge National Labora-

tory. The saprolite at the Oak Ridge National Laboratory

is high in clay minerals, calcite cements, and amorphous

Fe- and Mn-oxides, and was expected to sorb the

actinides; Kd for 241Am from synthetic ground water in
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the absence of natural organic matter was 8,900 dm3/kg.
DOC (<1 nm in filtrate) in the shallow (8 m) ground water
at the Oak Ridge site ranged from 0.45 to 0.69 mg/L (total
organic carbon (TOC) in unfiltered samples ranged from
0.5 to 0.75 mg/L) (McCarthy and others, 1998a). To
compare these ranges with those of ground water at the
INEEL, Leenheer and Bagby (1982) reported on 77 DOC
(< 0.45 Rm filtrate) measurements from across the site,
including wells at or near the SDA. DOC was 8.7 mg/L in
well USGS 92 (depth, 64 m) and ranged from 1.6 to
8.7 mg/L in four SRP aquifer wells (USGS 87 through
90). DOC ranged from 3.3 to 13 mg/L in 10 wells
monitoring background SRP aquifer water, remote from
the INEEL processing or waste inputs. DOC ranged from
0.3 to 0.7 mg/L in eight SRP aquifer wells (USGS 87
through 90, USGS 117,119,120, and RWMC Production),
listed in table 14 of Knobel and others (1992b). DOC was
0.8 mg/L in the Big Lost River (BLR) when measured on
19 November 1998. The nature of the DOC at the SDA
and its ability to form stable actinide complexes needs to
be investigated before the relative importance of this pro-
cess in actinide migration at the site can be assessed.

The role of synthetic organic compounds in complex-
ing and mobilizing radionuclides in shallow landfills was
first reported by Means and others (1978a) for 60Co at an
intermediate-level liquid waste burial ground at Oak
Ridge. This work focused on EDTA, a nonvolatile
organic compound that has been specifically monitored at
the SDA (Knobel and others, 1992a; Jorgensen and oth-
ers, 1994). Monitoring for this compund is perhaps due to
information received from the waste generators. How-
ever, many other complexants are used in decontamina-
tion and other operations in the nuclear industry. These
include diethelynetriaminepentacetic acid (DTPA),
nitrilotriacetic acid (NTA), N-hydroxyethelyne-diamine-
triacetic acid (HEDTA), and citric and oxalic acids
(Boggs and others, 1985). Delegard and others (1984)
noted that EDTA and HEDTA decreased the sorption of
the radionuclides Sr, Np, Pu, and Am on Hanford sedi-
ments; HEDTA decreased sorption of 60Co, but EDTA
increased it. This latter result is seemingly in contrast to
the earlier findings at Oak Ridge by Means and others
(1978a). The extreme complexity of the sorption of
Co(EDTA)2- on Fe- and Mn-coated subsurface materials
such as those at Oak Ridge, Hanford, and the INEEL, has
been studied by Zachara and others (1995). The sorptive
behavior of Co was shown to be linked to the oxidation of
Co2+(EDTA)2- to Co3+(EDTA)1- by Mn oxides in the
subsurface materials, and the subsequent sorption of these
different complexes by the Fe and Mn coated surfaces.

In addition to process reagents such as EDTA,
organic wastes at disposal sites can contain a wide variety
of materials such as plastics, rubber, paper, ion-exchange
resins, and solvents. Chemical and biological degradation
of these materials can release compounds that can influ-
ence actinide sorption. Cellulose materials have received
considerable attention due to the large quantities of wood
and cardboard used in waste packaging and rags and
clothing used in decontamination. Leachates from the
alkaline degradation of cellulose (as might occur in a
cement matrix) were found to decrease the sorption of Pu
onto cement by about two orders of magnitude. The
decrease in Pu sorption is believed to be due to strong
complexation of the Pu by hydroxyl groups present in
compounds such as isosaccharinic acids, which result
from the alkaline degradation of cellulose (Greenfield and
others, 1992). Although the preceding discussion has
focused on sorption for some waste disposal scenarios,
organic complexes from cellulose degradation may have
a more important effect on solubility of actinides than do
the carbonate complexes more typically modeled during
the early period following disposal (Stockman, 1998).

5.3 Evaluation of the Kds for Ant, U, and Pu used in the
Interim Risk Assessment model—experimental data

The purpose of this section is to evaluate the Kds
selected and applied to the IRA for Waste Area Group 7
(WAG-7) given the known, site-specific information. Kds
used in the IRA model (Becker and others, 1998) were
selected from those reported by Dicke (1997). These Kds
were determined to be the most appropriate for fate and
transport modeling at this site. The intent was to maintain
conservatism in the transport simulations by selecting the
lowest values from a range of Kds. This was done for Am
and Pu. For U and Np, intermediate Kds were used. Kds
for Am, U, and Pu were determined experimentally using
aquifer solids from the INEEL and synthetic ground water
similar in chemical composition to that from the SRP
aquifer (Newman and others, 1995). Kds for Np were
selected from the literature. In this review, site-specific
Kds for Am, U, and Pu are evaluated first, followed by a
discussion of the Np Kds.

Kds for Am, U, and Pu, reported by Dicke (1997), are
based on results from batch and column experiments con-
ducted by Goff (1994) and Newman and others (1995).
Table 5-2 summarizes the Kds in these experiments. For
the interbed sediments, Dicke (1997) recommended that
Kds of 450 mL/g for Am, 6 mUg for U, and 5,100 mUg
for Pu, be used in the IRA model. Kds of 225 mL/g and
900 mL/g for Am, 9 mL/g for U, and 3 mL/g for Pu were
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recommended for sensitivity analyses in the Addendum to

the Work Plan (1998).

Kds also were determined for a crushed basalt. How-

ever, vesicles and fractures in basalt were.assumed to be

lined with minerals similar in sorption properties to those

of the interbed sediment. Therefore, use of the interbed

Kds was suggested for modeling sorption of Am, Pu, and

U in basalt. The basalt experiments and results are

included in this review for the sake of completeness.

The following is an evaluation of the experimental

procedures and results reported by Newman and others

(1995). Some of the experiments were conducted at Clem-

son University (Goff, 1994). Other experiments were con-

ducted by INEEL personnel.

53.1 Materials and methods

A combination of batch and column experiments

were used to determine Kds for Am, Pu, and U in basalt

and interbed sediment.

53.1.1 Solid phases

5.3.1.1.1 Interbed sediments

Five interbed samples from various depths were corn-

posited, and the <0.25-mm size fraction was used for the

experiments. This fraction was a sandy loam (table 5-3).

Major minerals in the sand-sized fraction were pyroxene,

plagioclase, quartz, olivine, and magnetite. The clay-sized

fraction consisted of mica, montmorillonite, vermiculite,

and chlorite. Some Mn and Fe oxide coatings were

present. Cation exchange capacity was 17.39 meq/100 g.

5.3.1.1.2 Basalt

A boulder from near the SDA was used to determine

Kds for Am, Pu, and U in the INEEL basalt. Cores were

drilled from the boulder for use in intact basalt column

experiments. The remainder of the boulder was crushed

for use in crushed-basalt batch and column experiments.

Only the <2-mm size fraction was used. This fraction was

mostly coarse sand and some silt (table 5-3). Major min-

erals were pyroxene, plagioclase, and olivine. The cation

exchange capacity was 6.04 meq/100 g.

53.12 Aqueous phase

Synthetic ground water was used in the batch and col-

umn experiments. The water was formulated on the basis

of analyses from the SRP aquifer (Wood and Low, 1986).

The synthetic ground water used by Newman and others

(1995) contained smaller concentrations of most constitu-

ents than did the average ground water reported by Wood
and Low (1986) and smaller concentrations than have
been measured in the perched water beneath the SDA
(table 5-4). Actinides were added to the synthetic ground
water from stock solutions. The initial chemical form of

these stock solutions was: U as uranium nitrate in the VI
oxidation state, Am as americium chloride in the III oxi-

dation state, and Pu as plutonium nitrate in the IV oxida-

tion state. Upon addition of the Pu stock solution to the

synthetic ground water, the oxidation state changed.

About 5 percent was Pu(III), 40 percent was Pu(IV), 50
percent was Pu(V), and 5 percent was Pu(VI). About half

of the Pu(IV) was in the form of colloids greater than 0.1

in size.

53.13 Column experiments

5.3.1.3.1 Crushed basalt and interbed sediments—saturated

Standard procedures were used for packing the col-

umns and conducting the leaching experiments. The

crushed-basalt and interbed columns were polyvinylchlo-

ride, 15.1 cm long and 2.5 cm inside diameter. This is an

adequate length:width ratio for establishing one-dimen-

sional advective-dispersive flow.
Synthetic ground water without actinides was eluted

through the columns until pH and conductivity of column

effluent were the same as those of the influent. About one

pore volume of synthetic ground water containing Am, U,

or Pu, then was added to each column, and leached with

200 pore volumes of actinide-free ground water. 3H also

was added as a conservative tracer. Replicate columns

were used for Am and U; three to five columns were used

for Pu. Average pore-water velocities were 6 m/d. Veloc-

ities as slow as 0.6 m/d and as fast as 60 m/d were evalu-

ated. Columns were saturated and leached from bottom to

top.
Synthetic ground water containing Br and 9°Sr also

was eluted through two columns packed with crushed

basalt. These experiments were designed to identify any

differences between transport under saturated- and unsat-

urated-flow conditions.

5.3.1.3.2 Intact basalt—saturated

The intact basalt cores (20.3 by 3.8 cm) were sealed

in polymeric resin, then placed in polycarbonate tubes and

the annular space filled with resin. They were filled and

leached in the same manner as those containing unconsol-

idated cores. The intact basalt column experiments eluted

contaminated ground water until the effluent concentra-

tions were equal to the influent concentrations. Only Sr9°

and the conservative tracer Br were used.
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Table 5-2. Summary of Kds obtained using batch and column tests reported by Dicke (1997) (modified from Newman and others, 1995)

[mUg, milliliters per gram; EDTA, ethylenediaminetetraacetic acid]

Isotope Media
Batch test

Kd m Lig)
Column test
Kd (mL/g)

Enhanced
mobility
Kd (mL/g)

Recommended for
risk assessment

Kd Iml/g I

241Am Basalt 70-280 0.18 450**

241Am Interbed 450-1,100 * 450

239Pu (total) Basalt 0.255,100**

239Pu (total) Interbed 5,100

Pu(V) Basalt 70-130

Pu(V) Interbed 5,100-7,900

Pu(V) Surface Soil 7,800-22,000

Pu(VI) Basalt 12-24

Pu(VI) lnterbed 110-690

Pu(VI) Surface Soil 1,800-4,900

Pu(EDTA) Basalt 0.04-0.05

Pu(EDTA) Interbed 4-5

Pu(EDTA) Surface Soil 40-490

233u
Basalt 4-6 0.2-0.3 3**

233U Interbed 3-6 9 6

*Although enhanced mobility fraction was observed, it was too small to be modeled.
**The assumption was made that sorption in basalt was controlled by minerals lining the fractures and having the same sorption

capacity as that of the interbed sediment.
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Table 5-3. Particle-size distribution for five interbed sediments and their composite, and for crushed basalt used in Kd experiments at the

Idaho National Engineeering and Environmental Laboratory (modified from Goff, 1994)

Size (mm)
Interbed-1
(percent)

Interbed-2
(percent)

Interbed-3
(percent)

Interbed-4
(percent)

Interbed-5
(percent)

Composite
interbed
(percent)

Crushed basalt
(percent)

Not
>2 12.7 33.8

reported
38.6 9.4 16.7 Not reported

1.0-2.0 13.9 16.8 1.6 17.3 1.9 12.2 50.6

0.5-1.0 12.9 12.4 3.1 9.8 1.8 12.2 26.7

.25-.5 29.4 14.7 3.6 10.9 2.5 15.5 6.3

.1-.25 27.6 26.9 3.9 9.4 10.2 20.9 3.9

.05-.1 6.5 13.3 10 27.6 25.3 12.9 0.9

.002-.05 7.8 13.6 59.5 22.2 53.4 22.4 8.5

<.002 2 2.3 18.3 2.7 4.9 3.9 3.1

Table 5-4. Composition of synthetic ground water, water from the Snake River Plain aquifer, and perched and soil-zone water (from

Newman and others, 1995)

[mg/L, milligrams per liter)

Synthetic
ground water*

Snake River Plain aquifer** Perched and soil zone water'

Constituent
Base chemistry Average Maximum Minimum Average Maximum Minimum

(mg/L) (mg/L) (mg/L) mg/L) (mg/L) (mg/L) (mg/L)

Ca 11.5 51 120 5.0 41 70 26

K 9.8 4 12 0 5.8 12 1.0

Mg 8.3 18 54 0.2 17 25 14

Na 19.7 26 140 4.0 53 120 7

CI 18.9 28 230 1.8 41 81 14

SO4 23.4 41 218 1.8 45 120 10

HCO3 96.6 220 510 52 190 280 120

F 0.5 0.6 11 0.03 0.3 0.6 0.2

Si02 10.0 50 138 5.8 21 34 13

pH 8.0 7.8 9.1 7.0 8.2 9.1 7.7

1(mol/1) 0.0048 0.008 0.02 0.004

*Newman and others, 1995, **Wood and Low, 1986; ***Rightmire and Lewis, 1987b (table 4-4, this report)
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5.3.1.3.3 Crushed basalt—unsaturated

Unsaturated column experiments were conducted to
compare Kds from saturated and unsaturated columns.
Crushed basalt was used. Columns were 25.4 cm long and
2.77 cm inside diameter. The same column was used for
six unsaturated experiments and one saturated experi-
ment. Moisture content of the columns ranged from 29 to
49 percent of saturation. Br and 9°Sr were added as trac-
ers.

53.1.4 Batch experiments

The batch test design was adapted from the American
Society for Testing Materials (ASTM) method D4319
(1993). Solid:liquid ratios were chosen to remove enough
reactant so that a change in concentration could be mea-
sured. For interbed experiments conducted by Goff
(1994), solid concentrations ranged from 3.5 to 150 g/L,
and basalt concentrations ranged from 20 to 500 g/L. For
the INEEL crushed-basalt experiments, solid concentra-
tions ranged from 100 to 700 g/L. The aqueous and solid
phases were separated by filtering through a 0.2 gm cellu-
lose acetate filter or by centrifuging at 3,200 rpm for 20
minutes. Goff (1994) used 15-mL polystyrene centrifuge
tubes. Duplicates with appropriate blanks were equili-
brated for 14 time periods ranging from 5 minutes to 400
hours. INEEL personnel used 50-mL polycarbonate cen-
trifuge tubes for Am and Pu. Before the actinides were
added, basalt and sediments were prerinsed with uncon-
taminated ground water for two 12 hour periods.

5.3.2 Results and discussion

53.2.1 Batch experiments

The Kds used in the IRA model were determined
from the batch experiment results which are presented
first. Results from the column experiments and other
assorted experiments then follow. The following results
are from batch experiments conducted at Clemson
University.

Kds for the batch experiments were calculated for 400
hours of equilibration. Equilibrium concentrations of U in
the crushed basalt were attained within 61 hours, and in
the interbed sediment, within 103 hours. Time required to
attain equilibrium for Am and Pu was not given.

5.3.2.1.1 Am

The INEEL Kds for 241Am in interbed sediments
reported by Dicke (1997) ranged from 450 to 1,100 mL/g
(table 5-2). These values were obtained using initial

concentrations ranging from 3.5 to15 Bq/mL (28
to119 gg/L). The initial sediment concentration was
2.5 g/L. Individual Kds for each concentration were not
reported; however, it is apparent that the Kds for Am were
dependent on initial concentration. This is indicative of
nonlinear sorption, where the relative amount sorbed
decreases as aqueous concentration increases. Thus the
largest Kd of 1,100 mL/g would represent the smallest
initial concentration of 3.5 Bq/mL, and the lowest Kd of
450 mL/g represents the initial concentration of
15 Bq/mL. For Am concentrations outside the range
used in these experiments, Kds could be either larger or
smaller.

Sorption of Am by the crushed basalt was also appar-
ently nonlinear. Distribution coefficients ranged from 70
to 280 mL/g. Initial Am concentrations ranged from 1.38
to 7.34 Bq/mL (11 to 58 gg/L), and the initial sediment
concentration was 12.5 g/L.

5.3.2.1.2 U

Only one initial concentration and one solid concen-
tration were used to determine U Kds. For the interbed
sediment, a Kd of 5.1 mL/g (table 5-2) was calculated
using an initial concentration of 69.05 Bq/mL and a solid
concentration of 6.8 g/L. A Kd of 4.7 mL/g for the crushed
basalt was calculated using an initial concentration of
5.94 Bq/mL, and a solid concentration of 200 g/L.

5.3.2.1.3 Pu

The mobility of Pu is affected by its oxidation state,
which can be III, IV, V, or VI. More than one oxidation
state can coexist in solution. The III and IV oxidation
states predominate under reducing conditions, and the V
and VI oxidation states predominate under oxidizing con-
ditions. As was previously mentioned, the oxidation state
of Pu after it had been added to the synthetic ground water
was a mixture of all four, although the IV and V states
dominated. To evaluate changes in oxidation state with
time, a 14-day experiment was conducted in which syn-
thetic ground water spiked with Pu(IV) was allowed to
equilibrate. The amount of Pu(111, V, VI) remained rela-
tively constant; however, within the first 24 hours, Pu(IV)
activity in the solution phase decreased by 50 percent.
This decrease in activity was attributed to settling of poly-
merized Pu(IV). Between 1 and 14 days, the Pu distribu-
tion remained relatively constant. After 14 days, the con-
tainer was shaken and Pu activity increased to 90 percent
of the initial value because of resuspension of most of the
polymerized Pu(IV). From this experiment, it was con-
cluded that Pu(IV) is essentially insoluble and that a Kd
for this oxidation state would be inappropriate. Therefore,
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only the Pu(V) and Pu(VI) oxidation states were used in

batch experiments to determine Kds.

Pu(V) Kds for the interbed sediment ranged from

5,100 to 7,900 mL/g (table 5-2). Pu(V) Kds for a surface

soil included in these experiments ranged from 7,800 to

22,000 mL/g. The smallest value of 5,100 mlJg was used

in the IRA modeling. Pu(VI) Kds were smaller, ranging

from 110 to 690 mUg for the interbed sediment, and from

1,800 to 4,900 mUg for the surface soil. Sorption of Pu in

the presence of EDTA was significantly less. In the pres-

ence of EDTA, Kds for the interbed sediment averaged

about 5 mL/g, and for the surface soil, about 400 mL/g. In

these experiments, the initial Pu concentration remained

constant, but the solid concentration was varied. There-

fore, nonlinear sorption of Pu could not be evaluated.

Sorption tended to increase with solids concentration, but

the trend was not consistent. In addition, at small sus-

pended solids concentrations, Pu remained in the initial

oxidation state (either V or VI). However, at larger sus-

pended solids concentrations, Pu(V) reduced to Pu(IV)

and Pu(VI) to Pu(V). This reduction was attributed to

mediation by Fe and/or Mn containing minerals.

Pu(V) Kds for crushed basalt ranged from 70 to

130 mL/g. Pu(VI) Kds were much smaller, ranging from

12 to 24 mL/g. Sorption of a Pu(EDTA) complex was

minimal; Kds averaged about 0.4 mL/g.

532.2 Risk assessment Kds for Am, U, and Pu

Kds for crushed basalt were not used in the IRA

model. This decision was justified for several reasons.

Crushed basalt has a high percentage of fresh mineral sur-

faces not present in the aquifer. These surfaces will have

sorption properties that are different from those of miner-

als lining basalt fractures and vesicles. Also, the surface

area of crushed basalt most likely will not be comparable

to that of basalts in the aquifer. In addition, Barney (1981)

showed that freshly crushed basalt of the Columbia River

group slowly weathers during the course of laboratory

experiments. Kds measured under such conditions risk

being affected by changing sorption properties.

The proposed Kds for Am, U, and Pu in the interbed

sediments should be used with caution for IRA modeling.

Each ICd represents one unique measuring point in a com-

plex geochemical environment. Combining the five inter-

bed samples homogenized sediments that have different

grain-size distributions and mineralogy. Each of these

individual sediments could have different sorption prop-

erties. In addition, using the <0.25-mm size fraction elim-

inated 40 percent of the solids and biased the Kd toward
larger values because of the greater surface area of the

finer-size fraction used in the experiments.

The assumption that fractures and vesicles in the
basalt have the same sorption properties as the interbed
sediments may or may not be accurate. Minerals present
in basalt fractures tend to be finer grained, such as clay
minerals, or in the form of precipitates, such as calcite.
Although these types of minerals are also present in the
interbed sediments, their sorption properties may be dif-

ferent from those of the bulk interbed material, which also
contains coarser particles of different mineralogy (sand-

size grains of quartz and feldspar).
The synthetic ground water used by Newman and

others (1995) contained smaller concentrations of most
constituents than did the average ground water reported

by Wood and Low (1986) and smaller concentrations than

did perched and soil-zone water (table 5-4). Sorption of

Am, U, and Pu is affected by aqueous speciation. All three
actinides form aqueous CO3 complexes. In general, sorp-

tion decreases as CO3 concentrations increase. Thus, the

Kds determined for the synthetic ground water may be dif-

ferent from Kds for perched ground water.

53.23 Column experiments

The following results are for column experiments

conducted at Clemson University.

5.3.2.3.1 Interbed sediment columns

Tritium was used as a conservative tracer to evaluate

column packing. Breakthrough curves for 3H matched the

shape expected for one dimensional advective-dispersive

transport of a nonreactive solute (fig. 5-5). Channeling

was not observed in any of the columns.

Essentially all of the Am was removed from two col-

umns containing interbed sediment; however, there was

still a small enhanced-mobility spike within the first five

pore volumes (fig. 5-6). About 1.8 percent and 1.9 percent

of the Am applied initially was recovered after elution of

200 pore volumes of actinide-free ground water. Most of

the Am remaining in the columns was distributed in the

first 3 cm.
Most of the Pu applied in the initial spike also was

removed from three interbed sediment columns. There

was still a small enhanced-mobility spike within the first

five pore volumes (fig. 5-7). About 0.01 percent, 0.1 per-

cent, and 0.15 percent of the applied Pu was recovered.

No measurements of the distribution of the remaining Pu

were reported.
About 90 and 99 percent of the applied U was recov-

ered from two columns; however, the breakthrough

curves were delayed by about 20 to 30 pore volumes

(fig. 5-8). Kds calculated from the retardation factors were

12 and 9 mL/g for the two columns studied.
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One potential problem with the interbed column
experiments is the increase in initial influent pH of 8 to
about 8.4. Conductivity also increased. These observa-
tions, plus the fact that the influent feed solution was
undersaturated with respect to calcite, indicate calcite dis-
solution during the column experiments. Geochemical
calculations indicate that a 0.4-unit change in pH can
change the Kd for U by a factor of 3 or 4. Calcite dissolu-
tion also may have an effect on Am and Pu transport in
these experiments.

5.3.2.3.2 Crushed-basalt columns

Tritium was used as a conservative tracer to evaluate
column packing. Breakthrough curves for 3H matched the
shape expected for one-dimensional advective-dispersive
transport of a nonreactive solute (fig. 5-9). Channeling
was not observed in any of the columns.

After elution of 200 pore volumes of actinide-free
ground water, the amount of Am recovered in effluent
from two columns containing crushed basalt was 9 and 14
percent of the total concentration added initially. Most of
the Am eluted between pore volumes 1 and 3, in what is
referred to as an enhanced-mobility fraction (fig. 5-10).
The maximum Am concentration in this fraction was
about 20 percent of the influent concentration. After this
initial spike, effluent concentrations became constant
between 0.01 and 0.1 percent of influent concentration.
Analytical detection limits were not reported. Retardation
factors for the enhanced-mobility fraction in the two col-
umns were 1.6 and 1.7, equivalent to a Kd of 0.18 mug
(table 5-2). Gamma scans revealed that the Am remaining
was distributed throughout the length of the columns.

After eluting with 200 pore volumes of actinide-free
ground water, the amount of Pu recovered in effluent from
five columns containing crushed basalt was 10 percent, 17
percent, 24 percent, 34 percent, and 57 percent, of the total
initial concentration added. Some of the Pu eluted in an
enhanced-mobility fraction between pore volumes 1 and
3, similar to the elution of Am. After the initial Pu spike,
concentrations slowly decreased over 200 pore volumes
(fig. 5-11). Maximum Pu concentrations in the initial
spike ranged from 20 to 50 percent of the influent concen-
tration. Retardation factors for the enhanced-mobility
fractions were about 2, equivalent to a Kd of 0.25 mL/g
(table 5-2). The distribution of Pu remaining in the col-
umns was not determined.

After eluting with 200 pore volumes of actinide-free
ground water, essentially all (94 and 104 percent of the
total initial concentration) of the U was recovered from
two columns containing crushed basalt. U concentrations
in column effluent began to increase at about pore volume

1 and peaked at pore volume 2. Concentrations then
slowly decreased throughout the remainder of the experi-
ments (fig. 5-12). Retardation factors were 1.6 and 2,
equivalent to Igs of 0.2 and 0.3 mug (table 5-2). Maxi-
mum concentrations were 60 to 70 percent of the influent
concentration. Early elution of U was assumed to be
related to weak sorption of the aqueous phase as opposed
to the presence of an enhanced-mobility fraction.

5.3.2.3.3 Enhanced mobility fraction

The enhanced-mobility fraction responsible for the
early elution of Am and Pu (figs. 5-6, 5-7, 5-10, and 5-11)
indicates that both actinides may move in the subsurface
at a significantly faster rate than predicted by equilibrium-
based distribution coefficients. At least three possible
mechanisms could explain the enhanced mobility of Am
and Pu: (1) transport as a colloid, (2) transport as a weakly
sorbing aqueous complex, and (3) slow reaction kinetics.

Other researchers have found Am to be associated
with colloidal material (Means and others, 1978a; Travis
and Nuttall, 1985; Penrose and others, 1990; Moulin and
others, 1991). Both Pu (Choppin and Stout, 1989) and Am
(Nash and others, 1988) have been shown to strongly sorb
on silica. It is possible that Am and Pu sorbed on fine-
grained material created during the basalt crushing pro-
cess. These grains then could have been removed during
leaching. Colloids also could have formed in the columns
by in situ weathering reactions of the fresh basalt. Barney
(1981) observed evidence for weathering in experiments
with freshly crushed basalts from the Columbia River
group.

Hydrolysis products of Am and Pu could have
formed colloids. It is clear from the shape of the break-
through curves that Pu was more mobile than Am. The
Pu-oxidation-state experiment showed that colloidal
Pu(IV) can form in synthetic ground water. This experi-
ment indicated that Pu(IV) and (V) were the dominant
oxidation states of the initial solution. Most Pu(IV) was
likely present as a colloid, and some could have been
transported through the columns. The Pu(V) could have
been sorbed to the stationary phase or sorbed and trans-
ported as a colloid.

The enhanced-mobility fraction also could represent
transport as a mobile aqueous CO3 complex. In a separate
experiment with Pu, increasing alkalinity from 0.05 to
1.1 g/L as CaCO3 increased the apparent enhanced-
mobility fraction from 52.2 to 78 percent.

Kinetically-limited sorption could account for the
enhanced-mobility fraction. In column tests with Am,
increasing the flow rate from 0.6 to 60 m/d increased the
enhanced-mobility fraction of Ani from 1.3 to 43 percent,
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although the location of the peaks did not change. The

faster flow rates may have increased the mass of mobile

colloids or decreased contact time between actinide and

sorbing material.

532.4 Additional experiments

Several other experiments were conducted to investi-

gate various aspects of sorption in this system. These are

briefly summarized in the following sections.

5.3.2.4.1 ph and ionic-strength variability

Effects of pH and ionic strength on sorption were

evaluated for U in a series of batch experiments. Synthetic

ground water spiked with U was used as a base solution.

Ionic strength was increased from 0.004 to 0.01 and 0.02

by addition of K or CaC12. pH was adjusted to 6, 8, or 10.

For crushed basalt, U sorption decreased with increasing

Ca concentration and increasing pH. K had little effect on

U sorption. At lower pH values, UO2+ and Ca2+ likely

compete for sorption sites. As pH increases, U complex-

ation with CO3 results in less sorption. Trends were simi-

lar for interbed sediment but differences were not as great.

No Kds were reported; however, these data point out the

dependency of sorption on ground-water composition.

5.3.2.4.2 Reproducibility of Kds

Batch experiments were used to compare Kds for 90Sr

sorption in experiments conducted at Clemson University

and the INEEL. Kds were comparable; however, initial

differences in aqueous concentration and solids concen-

tration did not allow a statistical evaluation. No data were

provided on the reliability of Am, Pu, and U Kds.

5.3.2.4.3 Solid:liquid ratio

Kds measured in batch tests can decrease as sus-

pended solids concentration increases. Possible explana-

tions include (1) an increase in proximity of solids result-

ing in decreased surface area available for sorption, (2) an

increase in the amount of stagnant water in grain fractures

and pore spaces, resulting in more time needed for diffu-

sion to sorption sites, and (3) an increase in the proportion

of colloidal material that may not be removed by filtra-

tion, resulting in apparent greater aqueous concentrations.

9°Sr Kds decreased from 2.8 mL/g at a solid:liquid

ratio of 0.1, to 1.9 mL/g at a solid:liquid ratio of 1.9. There

apparently was some effect of solid:liquid ratio on sorp-

tion, but only when solid:liquid ratios exceeded 0.7. These
data do not necessarily apply to the actinides. For Pu(V)

and Pu(VI) sorption by the surface soil, Kds did decrease

as solids concentration increased; however, the data were
inconclusive for the interbed sediment and crushed basalt.

5.3.2.4.4 Crushed basalt versus intact basalt

Experiments using crushed versus intact basalt were
conducted only with Br and 9°Sr; however, some basic
observations may be generic enough to extrapolate to Am,

U, and Pu. Unfortunately, different scales were used to
plot the data, so it is difficult to make direct comparisons.

Breakthrough curves for 9°Sr in crushed basalt col-

umns were typical of those for advective-dispersive flow.

9°Sr Kds were about 3.5 mL/g. Breakthrough curves for
90Sr in intact basalt cores did not resemble those expected

for advective-dispersive flow in one dimension. A break-

through of about 60 percent of the initial concentration
was followed by a very slow increase in concentration.

Two retardation factors of about 1 were calculated, equiv-

alent to a Kd of 0.3 mL/g. This value is significantly

smaller than the Kds for 9°Sr in the crushed basalt and

interbed sediment. The larger 90Sr Kds indicate that trans-

port of 9°Sr through the fractures in the intact basalt was

too rapid for equilibrium sorption, or that the sorption

properties of the basalt fractures were different from the

sorption properties of the crushed basalt and interbed sed-

iment.

In summary, contaminant transport in intact basalt
cores did not follow traditional patterns of advective-
dispersive flow models. Transport may be dominated by

preferential flowpaths and diffusion into and out of the

basalt matrix. When flow through fractured media is

anticipated, the sorption rate constant should be compared

with the hydraulic residence time to evaluate whether

equilibrium conditions exist.

5.3.2.4.5 Unsaturated column experiments

Crushed-basalt columns were used for unsaturated

column experiments. Water content ranged from 33 to 50

percent of saturation. Both Br and 9°Sr breakthrough

curves and Kds were similar to those in the saturated

crushed basalt experiments. Newman and others (1995)

concluded that saturated-column Kds can be applied to

sorption in the unsaturated zone.

53.3 Summary of the evaluation of Kds for Am, U, Np,
and Pu used in the Interim Risk Assessment

Kds determined in these experiments for Am, U, and

Pu are listed in table 5-2. Also listed are the Kds recom-

mended for use in the IRA model. Specific concerns
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regarding the Kds recommended for use in the IRA model
are presented here.

(1) The concentrations of major cations and anions in
the synthetic ground water used in these experiments are
generally smaller than the concentrations measured in
perched and infiltrating water at the SDA. This could
result in underestimating the amount of aqueous complex-
ation of Am, U, and Pu, and overpredicting sorption.
Thus, the recommended Kds could be too large. Larger
concentrations of cations and anions also could increase
competition for sorption sites, thereby decreasing actinide
sorption. If there was calcite dissolution, as indicated by
the column experiments, then the final solution composi-
tion could have been closer to that of natural waters; how-
ever, final compositions apparently were not determined.

(2) Sorption of Am as a function of aqueous concen-
tration was apparently nonlinear. Sorption of Pu and U
was probably nonlinear as well. This means that the mea-
sured Kds are relevant only for the concentrations used in
the experiments. Concentrations at the SDA that are out-
side of the range used in these experiments will have Kds
that are either smaller or larger than those reported here.

(3) The experimental data show that Pu sorption is
highly dependent on oxidation state. The Kd recom-
mended for IRA modeling is for Pu(V) and would not be
applicable to the more mobile Pu(VI).

(4) The Kds recommended in the IRA model are from
the fine-grained fraction of one composite interbed sam-
ple that has not been shown to represent the range of sorp-
tion properties in the unsaturated zone.

(5) The assumption that sorption properties of the
interbed sediments are comparable to those of the frac-
tures in the basalts needs to be verified.

(6) The enhanced-mobility fraction responsible for
the early elution of Am and Pu in the column experiments
raises questions about the mechanisms responsible for
transport of Am, U, and Pu. If this fraction represents
transport as aqueous complexes, then the Kds used in the
IRA model are too large. If the actinides are transported as
colloids, basing risk assessment on sorption-controlled
transport may need to be reevaluated.

(7) In these experiments, any actinide passing
through a 0.2-pm membrane filter or removed from solu-

tion by centrifugation for 20 minutes at 3,200 rpm was
considered dissolved. Other researchers have shown that
neither of these procedures necessarily removes all col-
loids from solution. If some of the Am, U, or Pu assumed
to be dissolved were present as colloids, the apparent
aqueous-phase concentration would be larger, resulting in
smaller calculated Kds. From a solute transport perspec-
tive, underestimating Kds would result in an increase in
the predicted transport distance of an actinide.

5.4 Evaluation of the Kds for Np used in the Interim Risk
Assessment model—literature review

The Kd for Np used in the IRA model was 8 mL/g,
based on a range of 1 to 80 mL/g. These values are from
Dicke (1997) and were selected from the literature. In the
Addendum to the Work Plan, a sensitivity analysis for Np
was proposed using Np Kds of 4 mL/g (half the base case)
and 16 mL/g (twice the base case). For basalt, the assump-
tion was made that fracture surfaces were lined either with
fine-grained sediments or with chemical alteration prod-
ucts that resulted from water movement along the frac-
tures over extended periods of time (Becker and others,
1998). Therefore, the same Kds used to simulate sorption
on sediments were used to simulate transport through
basalt.

Dicke (1997) selected Np Kds from three sources,
each a compendium of Kds from the literature (Baes and
Sharp, 1983; Ticknor and Ruegger, 1989; Sheppard and
Thibault, 1990). All the references in these three compen-
diums have been evaluated for their applicability to the
INEEL. The review presented in this report is not an
exhaustive review of Np sorption, but a review of those
references upon which the Kds cited by Dicke (1997) are
based. The approach used in this review was to summarize
the experiments and results in two different tables. Data
from those references that are possibly relevant to the
INEEL are summarized in table 5-5 and discussed in
detail in this report. Those references not considered to be
relevant to the INEEL are summarized in table 5-6. Unless
specified otherwise, all experiments refer to the Np(V)
oxidation state.
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Table 5-5. Np Kds from references considered applicable to the Idaho National Engineering and Environmental Laboratory

[Kds, distribution coefficients; mlJg, milliliters per gram]

Reference Solid phase Location of sample Kds (mL/g)

Barney (1981) Altered basalt Hanford 17-70

Barney (1981)
Secondary minerals from

basalt
Hanford 13-100

Barney (1982) Sandstone Hanford 13-20

Barney (1982) Tuff Hanford 17-33

Salter and others (1981b) Secondary minerals Hanford 40

Routson and others (1977) Washington soils Washington 2.4-3.9

Sheppard and others (1979) Idaho soils Idaho 38-142

Dicke (1997) Literature review Variable 1-80

Table 5-6. Np Kd references not considered applicable to the Idaho National Engineering and Environmental Laboratory

[Kds, distribution coefficients]

Reference Summary of experiments Reasons for rejecting Kds Additional comments

Dahlman and

others (1976)

Nishita and
others (1979)

Allard and
others (1980)

Ames and Rai

(1978)

Johnston and
Gillham (1980)

Coughtrey and

others (1985)

Nishita and
others (1981)

Batch Np sorption experiments

on clay

Batch Np sorption experiments

using seven soils

Batch Np sorption experiments

using freshly crushed individual

minerals and granite

Review of Np sorption literature

Review of Np sorption literature

Review of Np sorption literature

Soils contaminated with Np,

then extracted with acetate, Ca

and pure water

Experimental conditions not

applicable to those at the INEEL

Inadequate data on soil properties

and aqueous chemistry for

comparison with the INEEL data

Use of individual mineral phases

inappropriate for comparison with

the INEEL data. Crushing not

appropriate

Kds cited here described in other

references

Kds cited here described in other

references

Kds cited here described in other

references

No estimates of Kds. Not enough

data to calculate Kds

Np sorption increased with pH

Np sorption increased between

pH 7 and 9
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Table 5-6. Np 1(d references not considered applicable to the Idaho National Engineering and Environmental
Laboratory—Continued

Reference Summary of experiments Reasons for rejecting Kds Additional comments

Seitz and others Np eluted through sandstone
(1979) columns

Seitz and others
(1978)

Anderson and
others (1982)

Barney (1984)

Bondietti and
Francis (1979)

Meyer and
others (1983)

Nakayama and
others (1988)

Batch Np sorption experiments
using various rock types and
distilled water

Batch Np sorption experiments
using several rock types and
pure mineral phases

Batch Np sorption experiments
using basalts and interbed
materials from Hanford, Wash.

Batch Np sorption experiments
using crushed igneous rocks and
shales under reducing conditions

Recirculating column
experiment with alumina

Np leached through quartz-
packed column.

Salter and others Batch Np sorption experiments
(1981b) with crushed basalts

Sheppard and
others (1987)

Thibault and
others (1990)

Np eluted through soil cores
from Canada

Review of Np sorption literature

No Kd data given

Solid and aqueous phases not
applicable to the INEEL

Solid phases not applicable to the
INEEL data. Crushing inappropriate

Experimental data fitted to
Freundlich isotherm. No Kd data
given.

No Kd data given

Insufficient information on aqueous
phase. Solid phase not applicable to
the INEEL

Experimental conditions not
applicable to those at the INEEL

Crushed basalts not representative of
Np sorption in basalt fractures at the
INEEL

Aqueous- and solid-phase
chemistries different from those at
the INEEL

Kds cited here described in other
references

A small fraction of Np eluted
with nonreactive tracer,
indicating possible colloid
transport or channeling of
aqueous Np

Increased sorption of Np with
time interpreted as kinetically
controlled reduction of Np02+
to Np02 and increased
sorption

Np sorption increased with pH

Some Np eluted with
nonreactive tracer, indicating
colloidal transport
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5.4.1 Studies of potential relevance to the Idaho
National Engineering and Environmental Laboratory

Routson and others (1977) conducted batch sorption

experiments for 237Np on subsoil samples from Washing-

ton and South Carolina. The Washington soil had a pH of

7, 0.8 mg/g CaCO3, a cation exchange capacity (CEC) of

4.9 meq/100 g, 10 percent silt, and 0.5 percent clay. The

South Carolina soil had a pH of 5.1, <0.2 mg/g CaCO3, a

CEC of 2.5 meq/100 g, 3.6 percent silt, and 37 percent

clay. Sorption was measured in solutions with variable

concentrations of Ca(NO3)2 or NaNO3. The initial Np

concentration was 3.7 µCi/L for the Washington soil and

1 µCUL for the South Carolina soil. The solution:solid

ratio was 25 mL/10 g. Equilibration was for 24 hours,

followed by centrifugation at 4,000 rpm for 3 minutes.

Selected samples also were filtered through 0.01- and

0.45-µm filters; there was no difference in Np concentra-

tion.

Np Kds decreased with increasing concentrations of

Ca and Na. For the Washington soil, Kds ranged from

0.36 mL/g in 0.2 mol Ca, to 2.4 mL/g in 0.002 mol Ca,

and from 3.1 mL/g in 0.3 mol Na to 3.9 mL/g in 0.015 mol

Na. For the South Carolina soil, Kds ranged from

0.16 mL/g in 0.2 mol Ca to 0.25 mL/g in 0.002 mol Ca

and from 0.43 mL/g in 0.2 mol Na to 0.66 mL/g in

0.002 mol Na.

Kds for the stronger ionic solutions are probably

unrealistic for the INEEL. In addition, water at the INEEL

has a more complex chemistry than water with only Ca,

Na, and NO3. The pH of the South Carolina soil (5.1) is

much lower than that of the INEEL soils (about 8). Com-

position of the Washington soil appears to be similar

enough to that of the INEEL soils for consideration of the

Np Kds. Realistic Kds from the Washington study that

may have some transferability to the INEEL are 2.4 mL/g

in 0.002 mol Ca at a pH of 7, and possibly 3.9 mL/g in

0.015 mol Na.

A report on Np sorption by Sheppard and others

(1977) is referenced in Dicke's 1997 report; however, no

details concerning the experiments are given in the
Sheppard report. A later journal article describing the

experimental details was published by Sheppard and
others (1979) and is used in this review. Several soils were

used in the experiments; four of the soils were from an

unknown location at the INEEL. Quality control on
radionuclide purity was good. Water:soil ratios
werel0 mL/g. The initial Np concentration was 0.00025
µCi/mL, well below the concentration of any solubility
products. Composition of the soils were a loam, two
sandy-clay foams, and a loamy sand. Experimental data

on the effectiveness of centrifugation for particle separa-

tion show that the greater the centrifugation speed, the

smaller the size of particle removed. For example, at

1,750 rpm, particles >65 nm are removed. At 7,000 rpm,

particles >17 nm are removed.

Results are reported in terms of an effective

distribution ratio, R*, and were converted to Kd. For soil

1D-A at pH 8.3, the Kd was 51.6 mL/g; for soil ID-B at pH

8.4, the Kd was 142 mL/g; for soil ID-C at pH 8.4, the Kd

was 38 mL/g; and for soil ID-D at pH 7.7, the Kd was

38.7 mL/g. No obvious trend in Kd related to soil proper-
ties was apparent. Distilled water was used, and no final

chemical composition was given. Because Idaho soils

were used in these experiments, the Kds are probably rep-

resentative of soils at the INEEL but the experiments were

limited by the use of only one Np concentration. Another

limitation of the experiment was the use of low ionic-

strength water which would cause overestimation of sorp-

tion.

A report by Barney (1981) describes experimentally

determined Kds for Np sorption on altered and unaltered

basalt and on secondary minerals from Hanford. The unal-

tered basalt was glassy and came from the Columbia

River group. The three major minerals were labradorite,

augite, and magnetite. The basalt was crushed to a grain

size of 20 to 50 mesh sieve number. The solid:liquid ratio

was 1 g/30 mL, and pH values were 8.5 to 9.5. Suspen-

sions were filtered through a 3-nm molecular filter. About

4 weeks were required for equilibrium, probably a result

of the fresh basalt equilibrating with water. Sorption by

the crushed, unaltered basalt was a function of concentra-

tion and Np oxidation state; Kds ranged from 5.4 to 278

mL/g. Altered basalts contained about 40 percent vesicles

and vugs filled with secondary minerals, either tuff or a

clay-rich alteration. Kds for altered basalts ranged from 27

to 8,688 mL/g. Secondary minerals scraped from altered

basalts appeared to be primarily smectites; Kds ranged

from 23 to 219 mL/g.

The larger Kds were the result of adding hydrazine to

the experiments, which caused reduction of Np(V) to

Np(IV). Kds for Np(V) in unaltered basalt ranged from 2

to 20 mL/g, and averaged 8.1+2.2 mL/g with NaHCO3,

and 7.5+0.4 mL/g without NaHCO3. Kds for Np(V) in

altered basalt ranged from 17 to 70 mL/g, and averaged

44+20 mL/g with NaHCO3, and 43±4 mL/g without

NaHCO3. Kds ranged for Np(V) in secondary minerals

from 13 to 100 mL/g, and averaged 32+8 mL/g with

NaHCO3, and 37±2 mL/g without NaHCO3. Because of

the nonlinearity of sorption, Freundlich isotherms were fit

to the data.
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Barney's study (1981) is one of the more complete
sorption studies experimentally. In addition, because the
composition of basalt used in Bamey's experiments was
similar to that of the basalt at the INEEL, the secondary
mineral assemblages probably are similar also. Kds for the
secondary minerals were comparable to those of the
crushed, altered basalts. All these values are within the 1
to 80 mL/g range considered by Dicke (1997).

Barney (1982) conducted later experiments similar to
those described in his 1981 study, but isotherms were for
a sandstone and a tuff interbed. In the presence of hydra-
zine, Np(V) was reduced to Np(IV) and strongly sorbed;
Kds ranged from 1,000 to 5,000 mL/g. Kds for Np(V)
ranged from 13 to 20 mL/g for sandstone and 17 to
33 mL/g for tuff. This data set complements that of the
1981 study.

Salter and others (1981a) conducted experiments
using secondary minerals lining and filling vesicles, vugs,
and fractures in basalt of the Columbia River group under-
lying Hanford; 98 percent of the secondary minerals were
smectites, with minor FeOOH, calcite, and silica. Surface
area was 546 m2/g, and CEC was 72 meq/100 g. For an
initial Np concentration of 7.47x10-8 mol, the Kd at 23°C
was 36.9±7.5 mL/g and, at 63°C, was 53.5+ 8.8 mL/g.
Water was a NaHCO3 type with a pH of 8. The Kd for a
pH 10 Na-Si02 type water was 160 mL/g. This was a sin-
gle concentration Kd. Sediment and water used in this
experiment may have been similar to those used in the
INEEL experiments.

5.42 Summary of Kds for Np used in the Interim Risk
Assessment model

Experimental data from the literature cited in this sec-
tion show that sorption of Np is a function of aqueous
chemistry and solid-phase mineralogy. Most of the stud-
ies cited were for experiments conducted under oxidizing
conditions, where Np(V) was the dominant oxidation
state. The redox state in the unsaturated zone at the SDA
is expected to be oxidizing. The two studies in which
Np(V) was reduced to Np(IV) showed that much larger
concentrations of Np were removed from solution, either
by sorption or because of the lower solubility of Np(IV).

The dominant Np(V) species in solution in the
absence of complexing ions is Np02+. Sorption is a func-
tion of pH. Sorption of Np is minimal at low pH and
increases with increasing pH. This behavior is character-
istic of cations. Some of the experimental evidence has
shown that increasing cation concentration, especially Ca,
results in competition for sorption sites and less sorption
of Np. Complexation of Np02+ with anions can result in

the formation of neutral or negatively charged species
such as NpO2HCO3° and Np02CO3, which sorb weakly.
Thus, as the concentration of these complexing ions
increases, sorption of Np would be expected to decrease.
Experimental data have shown that Np sorption is nonlin-
ear. Measured Kds decrease as the initial concentration of
Np increases. Sorption of Np also varied with solid-phase
mineralogy. Freshly crushed samples of minerals and
rocks tended to sorb less Np than did secondary mineral
assemblages.

Measured Kds are dependent on the experimental
conditions. For example, using different solid:solution
ratios can result in different Kd measurements. The
method of aqueous phase separation is important. Very
small colloids may not be removed by centrifugation or
filtration through larger pore-size filters.

The experimental data show that there is a high
degree of variability in Np sorption, depending on aque-
ous-phase chemistry and solid-phase mineralogy. This
variability argues strongly for site-specific determination
of Np Kds under geochemical conditions realistic for the
INEEL. Experimental data from the Hanford studies (Bar-
ney, 1981, 1982; Salter and others, 1981a, 1981b) could
be analogous to conditions at the INEEL, because basalt
is the predominant rock type at both sites. The reported
Kds are comparable to those chosen by Dicke (1997)
(table 5-5). On the basis of all the data evaluated in the lit-
erature, a smaller Kd of 8 mL/g for Np for use in the IRA
model is not unreasonable. However, given the depen-
dence of Kd on aqueous chemistry and solid-phase miner-
alogy, the sorption behavior of Np should be determined
for the range of geochemical conditions specific to the
INEEL.

5.5 Use and limitations of the Kd concept as applied to
actinide transport at the Idaho National Engineering
and Environmental Laboratory

The Kd concept has been introduced and discussed
earlier in this report (section 5.2.1). The present section
will compare the advantages and limitations of the Kd
approach with those of speciation-based approaches in
simulating radionuclide transport. Wherever possible, ref-
erence will be made regarding the possible advantages
and limitations in using either one of these approaches at
the INEEL site.

5.5.1 Advantages and limitations of the Kd approach in
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modeling contaminant retardation

Sorption reactions are commonly a predominant

cause of contaminant retardation in ground-water sys-

tems. The Kd approach in modeling such contaminant

retardation has been widely implemented in computer

codes that attempt to simulate the reactive transport of

contaminants.

5.5.1.1 Advantages of the Kd approach

The mathematical simplicity of the Kd approach is its

primary advantage. Kds are generally assumed constant

over the transport domain and timescale considered and

are easily incorporated into the advection-dispersion

equation as part of a constant retardation factor, R, which

modifies both the dispersive and the advective terms.

Consequently, a computer code used to simulate the trans-

port of conservative, nonreactive, components can be eas-

ily modified to solve the transport equation for a reactive

"retarded" component.

In addition, experimental determinations of Kds are

relatively easy to perform. Kds obtained from batch meth-

ods in the laboratory are particularly easy to obtain. Con-

sequently, the number of Kd measurements has been

described as "almost incalculable," as mentioned earlier

in section 5.2.1. However, despite the prolific number of

Kd measurements, the experimental conditions pertaining

to the measurements are generally insufficiently con-

trolled and are rarely adequately described.

5.5.12 Limitations of the Kd approach

Despite its advantages of simplicity, the Kd approach

has many limitations. Foremost, Kd measurement or esti-

mation techniques, whether based on laboratory measure-

ments or field observations, rarely consider all the chem-

ical and physical processes that may be responsible for the

partitioning of a constituent between mobile and immo-

bile phases. The partitioning generally is considered to

involve a reversible sorption process, even though the

constituent of interest also may have undergone partition-

ing due to (1) chemical processes such as solid-phase pre-

cipitation; formation of, or partitioning into, a solid-solu-

tion phase; volatilization, or (2) physical processes such

as diffusion into immobile-fluid zones. Generally, com-

parison of the transport of a reactive tracer with that of a

conservative tracer may permit accounting for retardation

caused by physical processes.
Despite the assumption that Kds generally account

for partitioning caused by sorption of a constituent onto

mineral surfaces, Kds are normalized to a given mass of

solid material instead of being normalized to a given solid

surface area. The effect of surface-to-mass ratios, or grain

size, on Kd determinations and the effects that rock crush-
ing may have on Kd determinations are often not
accounted for. The sorptive properties of a freshly frac-

tured rock surface, full of crystal dislocations created by

the crushing process, and without the presence of any sec-

ondary minerals generated by natural weathering of the

primary mineral, can be expected to differ significantly

from those of an ancient, naturally weathered surface.

Sorption of a constituent on the fracture surfaces of gra-

nitic or basaltic rock often is "predicted" through the use

of Kds determined from experiments performed on the

crushed rock. Kd determinations rarely consider the min-

eralogy or physical properties of the sorbing materials,

and the experiments themselves often are not described in

sufficient detail.

The Kd approach inherently assumes that the sorbing

mass contains an infinite number of potential sorption

sites. The approach assumes that if the aqueous concentra-

tion of a constituent is increased by a given factor, the

amount of sorbed constituent also will increase by the

same factor, that is, the ratio of the sorbed-to-aqueous
concentration will remain constant. Actual observations

generally show instead that as aqueous concentrations

increase, the ratio of sorbed-to-aqueous concentration

tends to decrease rather than remain constant. In other

words, the effective Kd tends to decrease with increasing

aqueous concentrations of the constituent of interest. Fol-

lowing this common observation, many transport simula-

tion computer codes now offer the possibility of simulat-

ing sorption processes using a Langmuir isotherm or

Freundlich isotherm approach, instead of the linear iso-

therm or Kd approach. Both the Langmuir and Freundlich

isotherms can simulate a decreasing ratio of sorbed-to-

aqueous concentration with increasing aqueous concen-

tration. The Langmuir isotherm also exhibits the realistic

property of simulating a maximum number of sorption

sites. The Freundlich isotherm does not have this capabil-

ity but, in contrast to the Langmuir isotherm, the Freun-

dlich isotherm has the capability of simulating an increas-

ing ratio of sorbed-to-aqueous concentration with an

increase in aqueous concentration. Although relatively

uncommon, this behavior is sometimes exhibited by con-

stituents undergoing ion exchange until all exchange sites

are filled by the constituent. This situation occurs in the

presence of another constituent that shows preferential

exchange (given equal aqueous concentrations of both

constituents).

These sorption models (the linear isotherm or Kd

approach, the Freundlich isotherm, and the Langmuir iso-

therm) apply only to single components. The models do
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not account for the competitive sorption by other compo-
nents of the aqueous solution. The models also do not
account for the aqueous speciation of the component of
interest. Even though some specific aqueous species of a
given component may be much more strongly sorbed than
are other species of that same component, the Kd, Lang-
muir and Freundlich models consider only the total aque-
ous concentrations of the component and, therefore,
ignore the thermodynamic properties of its constituent
aqueous species. This major limitation is even more prob-
lematic for chemical elements with multiple oxidation
states (such as U, Np, and Pu), given that different oxida-
tion states commonly have extremely different aqueous
stabilities.

The Kd, Langmuir, and Freundlich models also
ignore the speciation of the sorbing surface. Although cer-
tain minerals have a relatively fixed number of sorption
sites, regardless of the composition and pH of the contact-
ing solution (notably minerals for which an ion-exchange
model may be appropriate, such as certain clays and zeo-
lites), other minerals have surface properties (such as the
number of surface sites of a particular charge) that vary
greatly as a function of the pH and aqueous composition
of the contacting solution.

5.5.13 Applicability of the Kd approach to ground-water systems
in chemical steady state

The Kd approach may adequately describe contami-
nant migration and reversible sorption in ground-water
systems in which the aquifer regions occupied by the con-
taminant plume and by the background water each have
uniform mineralogical and chemical compositions that
remain uniform through the timescale of interest. In gen-
eral, the reactive sorption of the contaminant of interest
also must be adequately described by the local equilib-
rium assumption (LEA). That is, the reaction rate of the
contaminant in a representative unit volume of the aquifer
must be fast relative to its transport through that volume.
If this is not the case, the system will not be described by
two chemically and mineralogically uniform regions.

In a seminal paper, Reardon (1981) demonstrated that
the Kd approach could not properly describe contaminant
migration in ground-water systems undergoing dynamic
chemical evolution and could not even properly describe
contaminant migration in systems that were at chemical
steady state. In systems at chemical steady state, Kds may
vary spatially but must be constant through time at any
given point in the system. Most contaminated ground-
water systems are not at chemical steady state and,
instead, can be best described as dynamically evolving

systems in which effective Kds will vary, not only spa-
tially, but also during the time-scale of interest.

Reardon (1981) described a one-dimensional system
in which 9°Sr, the contaminant of interest, underwent ion
exchange reactions with Ca, Na, K, and Mg, which were
themselves affected by the dissolution of calcite. The dis-
solution of calcite was described by a kinetic model,
rather than by the LEA. The LEA was used, however, to
describe the ion exchange reactions. Figure 5-13 shows
how the effective Kds for 9°Sr varied throughout the one-
dimensional system, under conditions of chemical steady
state, by a factor of approximately 2, as a function of the
saturation index of calcite. Because the dissolution of cal-
cite was kinetically limited (the LEA did not apply), cal-
cite saturation was only reached approximately midway
through the column. Had the calcite reacted sufficiently
fast for the LEA to apply, and had initial calcite concen-
trations been sufficiently large so as not to be depleted
anywhere in the system during the timescale of interest,
Kds would have been uniform throughout the column.

Figure 5-14 shows how the Kds varied under condi-
tions of dynamic chemical evolution, prior to attainment
of chemical steady state. Under these conditions, Kds var-
ied spatially and temporally by nearly an order of magni-
tude.

5.5.2 Advantages and limitations of speciation-based
approaches in modeling sorption reactions

In contrast to computer codes that use the Kd concept
and simulate the transport of only a single component,
several multispecies reactive-transport codes currently
exist that offer the possibility of accounting for the wide
variety of chemical reactions that can affect the transport
of contaminants. These codes commonly are associated
with a thermodynamic data base that is used to calculate
the equilibrium state of the water and contacting surfaces,
minerals, and gases in the ground-water system as a func-
tion of both time and space. The codes can simulate the
mass transfers of constituents between the various phases
in the system that may be needed to reach a state of equi-
librium at any given point and time. Some of the codes
also have the additional capability of simulating the
kinetic restrictions that may prevent these equilibrium
states from being reached instantaneously.

The advantage of these multispecies reactive-trans-
port codes is that in addition to the possibility of simulat-
ing more realistically the numerous complex chemical
processes that may affect the behavior and fate of contam-
inants, the codes are based on a set of thermodynamic
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constants that, in theory at least, are relatively indepen-

dent of actual field conditions.

Typically, the thermodynamic constants are deter-

mined in well-controlled laboratory experiments.

Although thermodynamic data describing the reaction of

major cations and anions commonly present in natural

water are relatively well known, at least for reactions that

are sufficiently fast to have been successfully simulated

under laboratory timescales, significant knowledge gaps

and uncertainties exist concerning the thermodynamic

properties and behavior of the elements that are of con-

cern in contaminant transport studies. In particular, the

thermodynamic properties and behavior of radionuclides

(such as Am, Np, Pu and even U) are not particularly well

known because of the difficulties associated with con-

ducting accurate experiments with them.

Additionally, the thermodynamic properties of min-

eral surfaces are difficult to characterize in the field and

even in the lab. Many uncertainties exist regarding the

thermodynamic behavior of "mixtures" of surfaces and

the effects caused by aging, poisoning, and recrystalliza-

tion of mineral surfaces. It is also not always easy to dis-

criminate between different processes that may be occur-

ring, such as sorption, solid-solution formation, or

recrystallization.

Finally, the simulation of chemical reactions under

conditions of chemical equilibrium is often not relevant to

field conditions because of kinetic limitations in the reac-

tions of interest. Knowledge of reaction kinetics is signif-

icantly more limited and more dependent on actual field

conditions than is knowledge of thermodynamic proper-

ties. Any attempt to determine reaction kinetics from field

observations also is constrained by the difficulties in gain-

ing sufficiently detailed knowledge of the physical prop-

erties of a ground-water system.

Simulations conducted with multispecies reactive-

transport codes can be computationally intensive, particu-

larly if two-dimensional or three-dimensional simulations

are conducted. Unfortunately, sensitivity analyses, for

which simulations must be run numerous times while only

a few parameters are changed at a time, are one of the pri-
mary uses of these full-featured computer codes. Any

increase in simulation complexity generally requires a

significant increase in the number of simulation runs for a

true understanding of the results of the simulations.

Although computer time restrictions are easing, the desire

to increase the complexity of contaminant transport simu-

lations to the maximum limit of computer capabilities is

always present, often to the detriment of gaining a better
understanding of contaminant transport in the ground-
water system being investigated.

Given these uncertainties and limitations, simple
models that successfully simulate the essential properties

of contaminant transport and reaction have an undeniable

appeal. However, because of its many limitations, the Kd

approach may be too restrictive in simulating reactive
transport, and use of Kds should be carefully examined to

confirm or deny their suitability for any given field situa-

tion.

5.5.3 Uncertainties atthe Idaho National Engineering
and Environmental Laboratory site and their potential
effects on simulation of radionuclide sorption and
retardation

In addition to the uncertainties related to the concep-

tual models previously discussed, application of any of

these conceptual models in simulating radionuclide trans-
port at the INEEL site is limited by a lack of sufficiently

detailed knowledge of the geology, hydrology, chemistry,

and mineralogy of the site.

The chemistry of the water in the areas of radioactive

waste disposal can be expected to differ significantly, par-

ticularly in terms of redox conditions, from the chemistry

of the background water that remains unaffected by

waste-disposal activities. The redox conditions in the

areas of radioactive waste disposal can be expected to be

more reducing and, therefore, generally less conducive to

radionuclide transport (particularly for U, Np and Pu),

than the oxygenated water which is predominant in the

uncontaminated areas. The presence of steel and iron bar-

rels and of detrital organic matter, such as cardboard and

paper products, should generate reducing conditions. The

distribution of redox conditions also is likely to be heter-

ogeneous. Finally, large organic carbon concentrations in

the waste disposal areas may lead to significantly
enriched P„ values for the water recharging through

these areas. p2H values also may differ significantly from

background values. Large dissolved CO3 concentrations

in the recharging water could significantly increase the

aqueous stability of radionuclides such as Am, U, Np, and

Pu. Unfortunately, field data allowing closer examination
of these hypotheses were not available for this report.

Redox conditions in the sediment interbeds also are

not well documented and probably are heterogenously

distributed. It is possible that relatively impermeable,

fully saturated zones of the interbeds could contain reduc-

ing water that could impede the movement of radionu-

clides such as U, Np, and Pu. Rightmire and Lewis

(1987a) mentioned some occasional organic-rich layers in

their examination of cores from the INEEL site. Rela-

tively impermeable zones also could contain Fe(11) miner-
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als, which potentially could act as reductants for U, Np,
and Pu.

In addition to the uncertainties relating to the distri-
bution of redox conditions at the INEEL site, the distribu-
tion of reactive minerals, of sorbing surfaces, of effective
porosities, and of mineral-surface-to-water ratios also is
likely to be heterogeneous and to differ significantly, not
just between the sedimentary interbed and basalt units, but
also within the units themselves.

5.5.4 One-dimensional transport simulations for U and
Np

This section examines the results of some one-dimen-
sional, multispecies reactive-transport simulations that
were conducted using site and ground-water properties
considered representative of the INEEL site and extends
the Np and U aqueous and surface speciation results pre-
viously discussed in section 4.3.2.

5.5.4.1 U(VOtransport calculations

Multispecies reactive-solute-transport simulations
were conducted to examine the variability in sorption
properties that might be expected at the SDA. The
approach was to use the RATEQ model (Curtis, 1999) to
fit one of the breakthrough curves for U(VI) transport in
laboratory columns containing sedimentary interbed
material (reported by Newman and others, 1995). The
adsorption of U(VI) in the columns was simulated using
the SCM approach. The fitted model then was used to
illustrate the range in breakthrough behavior (or retarda-
tion factors) for the different INEEL ground-water sam-
ples listed in table 4-4.

5.5.4.1.1 Calibration of the reactive-transport model

One of the challenges in applying SCMs to describe
transport of adsorbing ions in aquifers is that it is difficult
to characterize the adsorbing phase. One approach used to
address this difficulty was to identify all the mineral sur-
faces present in the aquifer material and then sum the
sorption onto all these sites. Davis and others (1998)
referred to this approach as the component additivity
approach. This approach requires detailed knowledge of
the amount and adsorption properties of each adsorbing
surface. This requirement is further complicated by the
fact that most bulk phases are covered with surface coat-
ings that have a different composition from that of the
bulk phase. An alternative approach suggested by Davis
and others (1998) is to use the same adsorption reactions
and equilibrium equations as used in an SCM for a pure

solid but to estimate the required parameters from
observed adsorption data on the more complex natural
solid. These parameters include the adsorption equilib-
rium constants and the number of reactive surface sites.
This second approach, termed the generalized composite
approach (Davis and others, 1998), was used for the sim-
ulations discussed below.

For U(VI) transport, formulating the generalized
composite approach was difficult because many SCMs
have been proposed to describe U(VI) adsorption (table
4-1). These SCMs differ in the stoichiometry of H+,
UO2+2, and CO3-2 in the adsorption reactions and in the
number and types of surface sites and competing adsor-
bates. To adequately calibrate the SCMs, it is preferable
to consider variations in all these parameters (Kohler and
others, 1996). The breakthrough curves reported by New-
man and others (1995), however, were conducted only for
one set of chemical conditions. Therefore, it was not pos-
sible to fully calibrate the SCM used in the reactive-trans-
port model. For the simulations reported in this section,
the SCM for U(VI) adsorption onto ferrihydrite was used
and only the total number of reactive sites was varied to
obtain a match to the data; all the reactions, equilibrium
constants, and ratio of strong to weak sites were the same
as for pure ferrihydrite (Waite and others, 1994). A more
complete calibration could involve modifying the equilib-
rium constants. Although the ferrihydrite SCM is the most
complex model listed in table 4-1, it was selected because
ferrihydrite can be expected to be an important sorbing
surface at the SDA (section 5.2.2).

The reactive-transport model with the ferrihydrite
SCM was fitted to the U(VI) breakthrough curve observed
in the laboratory and originally shown as figure 13 in the
report by Newman and others (1995), and reproduced in
this report as figure 5-8. This fitted model then was used
to illustrate the sensitivity of retardation to variations in
pH and alkalinity measured in ground water at the INEEL.
Columns packed with sedimentary interbed material were
used in the experiments to simulate U(VI) transport in the
fitted model. There were two significant problems with
this data set. First, the initial U(VI) concentrations were
not reported; therefore, for the sake of illustration, a value
of le M was assumed. Second, the pH in the feed solu-
tion, which was undersaturated with respect to calcite,
was 8.0, but the pH of the effluent was 8.48 and the spe-
cific conductivity also increased in the column. Specia-
tion calculations showed that this rise in pH was consis-
tent with equilibrating the feed solution with calcite.
Because there is no way of knowing how the pH varied
spatially and temporally in the column, transport simula-
tions were conducted at a fixed pH. Simulations were con-
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ducted at pH 8.0 without calcite present and at pH 8.48

with calcite present. The two fitted breakthrough curves

are shown in figure 5-15. The total site densities required

to match the breakthrough curve for pH 8 and 8.48 were 1

and 2.8 mM, respectively. These values are slightly less

than the value of 4.7 mM used for sand in the Cape Cod

aquifer (Davis and others, 1998). Neither of the model fits

reproduced the long tail illustrated by the data. One possi-

ble explanation for this long tail is that there was a small

fraction of strongly sorbing sites not accounted for in the

model (Kohler and others, 1996). This long tail also could

be the result of other factors, including the variation in pH,

slow adsorption kinetics, or adsorption from zones of

immobile water.

5.5.4.1.2 Application of the surface complexation model to

ground water at the Idaho National Engineering and

Environmental Laboratory

RATEQ simulations using the SCM results fitted at

both pH 8.0 and 8.48 were conducted for the 12 INEEL

water samples summarized in table 4-4. These simula-

tions neglected hydrodynamic dispersion but included

approximately 80 to 120 solution and surface species,

depending on whether PO4 and F were included in the

simulation. In performing these simulations, it was

implicitly assumed that the adsorption properties in the

columns packed with the interbed materials applied to

each of the 12 water samples considered. This assumption

is similar to that used by Magnuson and Sondrup (1998),

although it has not been tested. Figure 5-16a illustrates the

range in breakthrough behavior calculated from the SCM

results fitted at pH 8 for all 12 water samples. In this fig-

ure, the retardation factors are equal to the pore volumes

required to elute the center of mass of the U(VI) pulse. For

example, U(VI) in water from well USGS 92, is slightly

retarded; the retardation factor is approximately 2 to 3. In

contrast, in water from the BLR, U(VI) is moderately

retarded; the retardation factor is approximately 100. The

retardation factors for U(VI) in the remaining water sam-

ples range from approximately 6 to 30. Even if the water

from the BLR is ignored because it is a surface water and

has a low pH and large P„2 , the retardation factors for

U(VI) vary by a factor of more than 10. The trend of SCM

results fitted at pH 8.48 is similar to that fitted at pH 8, but

the retardation factors are larger. This shift results

because, at the assumed pH of 8.48, more reactive sites

were required to match the breakthrough curve observed

in the column experiments. Again, the retardation factors

vary by a factor of 10 for the INEEL ground water. For

any given water composition, the two models yield retar-

dation factors that vary by a factor of 2 to 3.

5.5.4.1.3 Comparison of one-dimensional transport simulations

and calculated Krs

Coincidentally, the site density of 1 mM required to

match the U(VI) breakthrough in the column experiments

at the assumed pH of 8 is the same as the site density used

for the Krs calculated for batch conditions listed in table

4-3. A comparison of the Krs for the batch calculations for
ferrihydrite in table 4-3 and the Kr values from the column

simulations (calculated as Kr = R-1) shows a close corre-

spondence between the batch and column approaches.

This correspondence occurs because geochemical condi-

tions for the reactive-transport simulations were nearly

constant. Specifically, initial chemical conditions in the

column and boundary conditions in the feed solution were

the same with the exception of 10-7 M U(VI). The pH,

therefore, remained approximately constant because cal-

cite was ignored in the simulations for the INEEL water.

Thus, the transport simulations and the batch Kr calcula-

tions were performed for the same chemical conditions.

The differences in the elution order among the different

water samples resulted from the variability of the chemi-

cal conditions, primarily pH and alkalinity. Overall, the

retardation factors calculated from the Krs for 1 mM fer-

rihydrite in table 4-3 agree well with the transport simula-

tions. This agreement suggests that the variability in the

retardation factors at the INEEL can be illustrated by con-

sidering the Krs obtained from batch experiments.

The Kr calculated for a specific ground-water sample

from a speciation model depends on the SCM used to fit

the data. To examine the effect of using different SCM

formulations, the SCMs for quartz, montmorillonite, goet-

hite, and ferrihydrite were considered in greater detail.

The total site density for each SCM model was varied so

that the Kr equaled 20, which is approximately equal to

the value observed in the Neuman column experiment

(fig. 13 in the report by Newman and others, 1995). The

solution composition had a pH of 8.48 and was equili-

brated with calcite. Thus, the four different SCMs were

forced to give the same Krs at one solution composition

that was selected to be the experimental column effluent

condition. Using the site density fit just described, ICs

were calculated for the 12 INEEL water samples listed in

table 4-4 and for the four different SCMs. These calcula-

tions were similar to those in table 4-3 except that the site

densities for the calculations in table 5-7 were adjusted to

match the column results. The results of these calculations

are shown in table 5-7.

The site densities required to match the selected Kr of

20 ranged from 12 mM for quartz to 1.1 mM for goethite,

reflecting the higher affinity of U(VI) for goethite. Each

row in table 5-7 illustrates the range in Krs calculated for
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the different SCMs at a constant water composition. The
calculated Krs for the four SCMs typically vary by a factor
of 2 to 4 in most of the water samples. Larger ranges are
observed for samples from the BLR and USGS 19. These
larger ranges result because of the different stoichiome-
tries in the various SCMs coupled with the larger differ-
ence in pH and alkalinity values for these water samples
relative to those for the column effluent solution or for the
remaining ground-water samples.

Each column in table 5-7 illustrates the range in cal-
culated Krs for SCMs for different INEEL water samples.
The results for quartz and montmorillonite SCMs are sim-
ilar. For each sample, the difference in Kr tends to be less
than 25 percent, and the minimum, median, average, and
maximum values all agree closely. For the 12 INEEL
water samples, the Krs vary by a factor of 20 for these
quartz and montmorillonite SCMs. Results for the two Fe
phases are also similar, although for a given sample, the
difference in Kr for the two SCMs varies by as much as a
factor of 1.8, as in the case of USGS 19. The average Kr
for the Fe phases is roughly twice that of quartz and mont-
morillonite. These differences result because of the differ-
ences in the stoichiometry of the adsorption reactions. In
particular, the quartz and montmorillonite SCMs do not
include the CO32 in the formation of the surface complex,
whereas the goethite and ferrihydrite do include the CO3-2
in the surface complex (table 4-1). For the range of
ground-water samples considered, the Krs vary by a factor
of 24 to 31 for ferrihydrite and goethite, respectively.
Given that the column experiments by Newman and
others (1995) considered only one solution composition,
it is impossible to evaluate whether CO3-2 may be a part
of the adsorbed complex for the INEEL sediments.
Finally, the ranges in Krs in table 5-7 were obtained by
matching a site density that gave a Kr of 20 for a pH 8.48
water in equilibrium with calcite. Similar ranges in Krs
would have been obtained if the pH had been 8, but the
absolute Krs would have been smaller.

The calculated range in Kis of 20 to 30 for U is con-
siderably larger than the range calculated for Np (factor of
1.3) and Pu (factor of 2.0) (table 4-1). This small factor
difference for Np can be explained by comparing the solu-
tion chemistry. The aqueous speciation chemistry for
U(VI) is significantly more complex than for Np(V). Fig-
ure 4-2 shows that at atmospheric P„ , and in the pH
range of 7.5 to 8.4, the species UO2(41)2, UO2(CO3)2-2,
(UO2)2(CO3)(OH)3, and UO2(CO3)3-4 are present at
greater than 10 percent of the total concentration at certain
pH values. A similar plot of Np(V) aqueous speciation in
a report by Turner and others (1998) shows that the
Np02+ ion is the single dominant species up to pH 8.5,

where the Np02CO3- species then becomes important.
The adsorption behaviors of U(VI) and Np(V) are also
different. At pH values above 7, U(VI) log Krs decrease
nearly linearly with pH (fig. 4-7) because of the formation
of soluble U(VI) CO3 complexes. Adsorption of Np(V)
also decreases because of the formation of soluble CO3
complexes, but the trend of decreased adsorption starts at
pH values of approximately pH 8 in the case of montmo-
rillonite (Turner and others, 1998). Finally, the SCM for
Np(V) does not include ternary surface complexes involv-
ing CO3, although their existence has been postulated
(Turner and others, 1998).

In summary, the reactive-transport calculations for
U(VI) presented in this section illustrate that if the
geochemical conditions are constant, reactive-transport
simulation results can be approximated by a single Kr.
Over the INEEL site, geochemical conditions are not con-
stant; therefore, Krs vary for the different water composi-
tions. There is no clear explanation for the variations in
the aqueous geochemistry; therefore, without additional
detailed geochemical data, fully coupled reactive-trans-
port simulations are not warranted. On the other hand,
both the transport calculations and the batch calculations
illustrate that, given the current state of our understanding
of the SDA and models of adsorption properties, the cal-
culated Krs for U(VI) vary by a factor of 20 or more for
each selected SCM just because of the variation in water
composition. Adsorption properties at the SDA also may
vary because of the variation in surface properties, includ-
ing both the affinity for the actinide and the concentration
of adsorbing sites. These variations have not been quanti-
fied and represent a gap in the data. A comparison of four
different SCM results show that Krs vary by a factor of as
much as 70.

5.5.4.2 Np transport calculations

Np and Pu one-dimensional transport simulations were
conducted with version 2.038 of the USGS computer code
PHREEQC (Parkhurst and Appelo, 1999). Confirming
results previously discussed in sections 4.3.2, Np sorbs
much more strongly than Pu; and under the specific condi-
tions of those transport simulations, Pu was not retarded sig-
nificantly and, therefore, will not be discussed further. This
result does not imply that Pu transport will not be retarded
at the INEEL site. A greater concentration of sorbing sites
(an increase by a factor of 2,000 was suggested reasonable
in section 4.3.2), and the presence of possible reducing envi-
ronments could cause significant retardation of Pu transport
at the site. Nevertheless, many of the conclusions derived
from the Np transport results presented in this section can be
expected to apply to potential Pu transport.
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Table 5-7. Summary of U(VI) Krs calculated for four surface complexation models calibrated to U(V1) breakthrough in column experiments

at pH 8.48

[Kr, retardation coefficient; mM, millimoles per liter]

Quartz Montmorillonite Goethite Ferrihydrite
Ratio

Krmax:Krmin

Site density (mM) 12 7.3 1.1 3.3

Big Lost River 183 56 6,919 454 124

EBR 1 26 23 46 36 2

USGS 112 75 55 236 143 4

USGS 8 17 14 45 31 3

USGS 19 21 15 110 62 7

USGS 87 51 43 89 67 2

USGS 89 77 72 69 68 1

USGS 90 43 36 80 59 2

NPR test 19 15 62 39 4

P&W 2 43 61 104 70 2

RWMC production 25 22 58 41 3

USGS 92 4 3 8 6 2

Minimums 4 3 8 6

Median 26 23 69 59

Average 36 33 82 56

Maximum 77 72 236 143

Ratio Krmax:Krmin 22 21 31 24

'Minimum, median, average, and maximum values exclude the Big Lost River Kr values
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5.5.4.2.1 Description of the Np transport simulations

The one-dimensional transport simulations were set
up as follows. Water sampled from well USGS 92 (com-
position given in section 4.3.2), a well in the SDA,
screened in a perched-water zone above the C-D interbed,
was used as the background water in the one-dimensional
column. The water from well USGS 92 is predominantly
a NaHCO3-rich water. The 100-m-long one-dimensional
column was subdivided into 100 cells, each of which con-
tained 1 kg H2O (background water) and a goethite sur-
face with 5x10-7 mol of surface sites per kg of H2O and a
surface area of 54 m2 per kilogram of H2O. The composi-
tion of the goethite surface at equilibrium with the compo-
sition of water from well USGS 92 was calculated by
PHREEQC and used as the initial surface composition in
the transport simulations. The number of surface sites was
decreased by a factor of 10 from the concentration used in
section 4.3.2, simply for the convenience of obtaining a
retardation factor of about 20 for Np, rather than the factor
of about 200 estimated in section 4.3.2. This modification
resulted in a decrease by a factor of 10 in the number of
timesteps that needed to be considered, thereby reducing
by the same factor the time required for the transport sim-
ulations. Under these conditions, each one of the Np trans-
port simulations presented here took 50 to 60 hours to run
on an Intel Pentium-II personal computer running at
300 MHz.

A dispersivity of 10 m was assumed in the calcula-
tions. This dispersivity is probably too high by at least a
factor of 10 to reasonably describe transport at the INEEL
site but was used to determine whether constant retarda-
tion of Np transport still could be obtained in such a sys-
tem. Simulations with lower dispersivity, or simulations
with a dispersivity of 0 m, would have required signifi-
cantly less (10 times less) computer time to run.

Water from well USGS 112 (composition given in
section 4.3.2), a CaHCO3-rich water modified to include
10-8 mol Np and 10-8 mol Pu, was used to simulate the
infiltration of contaminated water into the column.3 The
average linear ground-water velocity simulated was
10 in/yr. The infiltration of Np- and Pu-contaminated
water lasted for 2,500 timesteps (250 years). After 2,500
timesteps, the aqueous solutions in the column had a uni-
form concentration of 10-8 mol Np and Pu, and the goet-
hite surfaces were in equilibrium with these Np and Pu
concentrations throughout the entire column. At that
point, background water from well USGS 92 (containing
no Np or Pu) was allowed to infiltrate into the column for

3i 0-5 M of 237Np cotica-ponds to approximately 62 Bq/kg1-120 or 1,670 pCi/kg
H2O.

up to 6,000 timesteps (600 years), thereby simulating the
cleanup of the column.

Water from both well USGS 92 and well USGS 112
was slightly supersaturated with respect to calcite and
with respect to chalcedony. In some, but not all, simula-
tions, these minerals were not specified as initially present
in the column but were allowed to precipitate to allow the
water to reach equilibrium. Any calcite precipitated was
allowed to redissolve later on in the simulation if neces-
sary.

Np and Pu thermodynamic data were added to the
default PHREEQC data base from two different sources
(discussion in section 4.3.2): (1) the ANSTO thermody-
namic data base (provided by Marianne Guerin, 1998; Np
and Pu data in that data base are identical to those con-
tained in the HATCHES data base, Cross and Ewart,
1991), and (2) the EQ3/6 data base (provided by David
Turner, Southwest Research Institute, written commun.,
1999). Np and Pu surface complexation data compiled by
Turner (1995) were added to both data bases. For the pur-
poses of this report, the data bases created from the
ANSTO and EQ3/6 data bases will be referred to as the
"ANSTO" and "EQ3/6" data bases, even though these are
not the complete ANSTO and EQ3/6 data bases.

5.5.4.2.2 Np infiltration results

Results obtained for the Np infiltration phase of the
simulations (figs. 5-17 and 5-18) show that Np break-
through at the end of the column occurred after approxi-
mately 17 pore volumes (1,700 time steps). Speciation
calculations in section 4.3.2 predicted a retardation of
about 20 given the sorption site concentration used in the
transport simulations. The retardation of Np transport
appears relatively constant in the figures, which indicates
that the retardation could have been predicted using a con-
stant Kd approach instead of the surface complexation
approach. However, an appropriate Kd might have been
difficult to predict.

Transport of Np was about 10 percent faster in the
simulations that allowed calcite precipitation (and later
redissolution) than in those that didn't allow calcite pre-
cipitation. Allowing calcite precipitation resulted in a
decrease in pH of the infiltrating solution from a value of
8.4 (before calcite precipitation) to values below 7.9. This
resulted in a decrease in the number of neutral and nega-
tively charged sorption sites and, therefore, resulted in a
decrease in the amount of sorbed Np (section 4.3.2.3,
table 4-6, for the predominant Np surface complexes on
goethite).

During the Np infiltration phase, Np transport was
approximately 10 percent faster in the simulations con-
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ducted with the ANSTO data base than in those conducted

with the EQ3/6 data base (figs. 5-17 and 5-18). As dis-

cussed in section 4.3.2.2, the ANSTO data base predicts

that significant amounts (about 15 percent) of Np(VI) will

be present in the water from well USGS 112, whereas the

EQ3/6 data base predicts that essentially all the Np will be

in the Np(V) state. The databases do not contain any data

for Np(VI) surface complexes, only for Np(V) com-

plexes; therefore, any aqueous Np(VI) species present

become unavailable for sorptive retardation during trans-

Port.
Breakthrough curves (fig. 5-19) constructed from the

results of the Np infiltration simulations for a point at the

end of the 100-m-long column, using either the ANSTO

or EQ3/6 data bases with or without specification of cal-

cite equilibrium, are relatively similar to the curves that

would be obtained for simulations of reactive transport

with a constant Kd approach, with one significant excep-

tion. The curves for the PHREEQC simulations show an

abnormally steep leading edge (the left portion of each

curve), compared with the curve that would be obtained

from a simulation that used a constant Kd approach. The

most likely reason for this behavior is that Np exhibits rel-

atively stronger sorption at small aqueous concentrations

than at large aqueous concentrations. In other words, the

effective Kd that may be applied to the PHREEQC simu-
lation results is not constant and, instead, decreases with

increasing aqueous Np concentrations (see discussion at

the end of this section). The breakthrough curves for the

PHREEQC simulations also clearly illustrate (1) the

greater Np retardation in the simulations conducted with

the EQ3/6 thermodynamic data base than with of the

ANSTO data base, and (2) the greater Np retardation in

the simulations conducted without specification of calcite

equilibrium than in those conducted with calcite equilib-

rium.

5.5.4.2.3 Np cleanup results

The results of the Np cleanup phase of the simula-

tions show surprisingly greater complexity than do the

results of the Np infiltration phase (figs. 5-20, 5-21, 5-22,

5-23). The results of the simulation conducted using the

ANSTO data base without specification of calcite equilib-

rium (fig. 5-20) show that aqueous Np concentrations

decrease by about 60 percent throughout the column after

flushing of one pore volume (100 timesteps) of initially

Np-free water from well USGS 92. However, after flush-

ing by this first pore volume, the rate of cleanup slows

down considerably. After flushing by 25 pore volumes,

aqueous Np concentrations are still near 10-9 mol in the

center of the column, or 10 percent of the initial Np-satu-

rated condition; another 25 pore volumes (50 total) are

required to halve the aqueous Np concentrations to the

0.5x10-9 mol level. The results of the simulation con-

ducted using the EQ3/6 data base without specification of

calcite equilibrium (fig. 5-21) show similar results to

those conducted using the ANSTO data base, except that

Np concentrations are reduced even more, by about 90

percent, after flushing by the first pore volume. Np con-

centrations after flushing with about 50 pore volumes

remain at about 0.3x10-9 mol in the center of the column.

The simulations conducted with specification of cal-

cite equilibrium (with either the ANSTO or EQ3/6 data

bases) show faster and more even removal of the sorbed

Np and faster cleanup of the contaminated column rela-

tive to the simulations conducted without specification of

calcite equilibrium. This faster and more evenly distrib-

uted removal of Np is the result of the lower sorption

capacity of the column for Np at lower pH values. In the

results from the simulation conducted with the ANSTO

data base (fig. 5-22), aqueous Np concentrations in the

first 80 shifts of the cleanup phase rise as much as 5 per-

cent above the maximum aqueous Np concentrations

recorded during the Np infiltration phase. In contrast,

results from the simulation conducted with the EQ3/6 data

base (fig. 5-23) show only a very slight increase in aque-

ous Np concentrations above the 10-8 mol level.

The shape of breakthrough curves (fig. 5-24) con-

structed from the results of the Np cleanup simulations

(ANSTO data base), with or without specification of cal-

cite equilibrium, are significantly different from the shape

of "normal" breakthrough curves obtained from simula-

tions of reactive transport with a constant Kd approach.

Normal breakthrough curves have, at most, one inflection

point. Breakthrough curves for the PHREEQC simula-

tions presented here show three inflection points for the

simulations without specification of calcite equilibrium,

and four inflection points for the simulations with specifi-

cation of calcite equilibrium. In the simulations without

specification of calcite equilibrium, the relatively fast ini-

tial decrease in Np aqueous concentrations, followed by

the slight increase and the relatively slow subsequent

decrease (caused by the larger effective Kd at small Np

concentrations) could not have been modeled by using a

constant Kd approach. Similarly, in the simulations with

specification of calcite equilibrium, the increase in Np

aqueous concentrations above the initial value of 10-8 mol

also could not have been modeled with a constant lc,
approach.
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5.5.4.2.4 Np sorption isotherms for the PHREEQC surface
complexation models

Np sorption isotherms were calculated on the basis of
SCMs used in the PHREEQC speciation and transport
simulations discussed in the previous section and in sec-
tion 4.3.2. Two different types of simulations were con-
ducted (figs. 5-25 and 5-26). In the first type, entitled
"NpCI5 addition", as much as 10-6 mol of NpCI5 and of
PuCI5 were added in 1,000 increments of le mol to a
system consisting of 1 L of water from well USGS 112,
and a goethite surface with 5x1e mol of sorption sites
preequilibrated with water from well USGS 92. In the sec-
ond type of simulation, entitled "mixture of water," water
from well USGS 92 and water from well USGS 112, to
which 2x10- mol of Np and Pu had been previously
added, were mixed together in various fractions and equil-
ibrated with the goethite surface (that contained 5x10-7
mol of sorption sites preequilibrated with water from well
USGS 92). Twenty-five different mixtures were created,
which ranged from 1 percent of water from well USGS
112 (and 99 percent of water from well USGS 92) to 99
percent of water from well USGS 112 (and 1 percent of
water from well USGS 92). The two types of simulations
were run with or without specification of calcite (and
chalcedony) equilibrium and with the ANSTO or the
EQ3/6 thermodynamic data bases.

Results of the various isotherm simulations (figs.
5-25 and 5-26) confirm the suggestions made in the dis-
cussion of the transport simulations that the "effective" Kd
for Np sorption according to the SCM is not constant and,
instead, decreases with increasing aqueous Np concentra-
tions. The results also show the significant dependence of
the sorption isotherms on (1) the presence or absence of
calcite equilibrium, (2) the source of the aqueous Np ther-
modynamic data (the ANSTO or EQ3/6 data bases), and
(3) the presence or absence of water from well USGS 92
in the equilibrated systems. However, this last factor was
of little importance in the simulations for which calcite
equilibrium was specified. As previously observed in the
transport simulations, specification of calcite equilibrium
resulted in smaller concentrations of sorbed Np; use of the
EQ3/6 data base instead of the ANSTO data base resulted
in larger calculated concentrations of sorbed Np. Finally,
the results suggest that matching the simulated isotherms
with a Freundlich isotherm equation would be possible,
albeit only for a given set of geochemical conditions. Any
change in conditions caused, for example, by the mixing
in of a background water due to normal dispersion, or to
the appearance or disappearance of reactive minerals that
might affect pH or Eh conditions or the concentrations of
ions competing for sorption sites, would likely affect the

isotherm curve, and possibly invalidate any previously
obtained match of Freundlich parameters.

5.6 Evaluation of the uncertainties associated with
selected Kds

The Kds for Am, U, and Pu selected for the IRA
model were determined using only one ground-water
composition and one composite interbed sediment sam-
ple. It has been shown in chapter 4 and in earlier sections
of chapter 5 of this report that Kds for actinides can be
highly dependent on the chemical and physical properties
of the aqueous and solid phases. Also important is how
well the laboratory experimental conditions simulate pro-
cesses operating in the field. There are not enough data
from WAG-7 to quantify all the uncertainties associated
with the Kds for Am, U, Np, and Pu used in the IRA
model; however, some generalities can be formulated to
estimate how much these Kds could vary with changing
chemical and physical properties.

The effect of aqueous chemistry on actinide sorption
depends on both the actinide and its oxidation state. For
example, Np(V) is the dominant oxidation state under the
oxidizing conditions at WAG-7, and the primary species
adsorbed is the cation Np02+. Adsorption increases with
pH as the surface becomes more negatively charged. The
increase is most dramatic at lower pH values and begins
to plateau near 8. Because the measured pH of perched
water and ground water near WAG-7 ranges between 7.8
and 8.4, these changes would be expected to have only a
minor effect on Np adsorption. CaCO3 complexes of Np
also would have some effect on sorption. As CO32 con-
centration increases, the concentration of Np02CO3 and
Np02(CO3)22 increases, thereby decreasing the concen-
tration of Np02+.

The thermodynamic modeling data for 11 perched-
water and ground-water samples from the INEEL (table
4-7) show that relatively small changes in chemical com-
position can affect sorption when all other properties of
the modeled system remain constant. These data are pre-
sented as molar ratios of total sorbed to total aqueous (Kr).
For Np, Krs ranged from 164 to 215. These values are
dependent on the types of sorbing surface. For example,
increasing the concentration of surface sites from 5.6x10-
6 to 1.0x10-2 mol per kg H2O would increase the Np and
Pu Krs by 2,000. These calculated Kis also can vary with
the data base used in the modeling.

Pu(V) is predicted by thermodynamic modeling to be
the dominant oxidation state in water at the INEEL (table
4-6). Pu forms very strong complexes with CaCO3. In
fact, most of the Pu(V) in the 11 perched-water and
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ground-water samples from the INEEL was calculated to

be PuO2CO3-. Because of this, sorption of Pu was com-

puted to be minimal (table 4-7). However, the concentra-

tion of surface sites used in this model is possibly smaller

than would be expected in the aquifer.

The Kd for Pu selected for the IRA model was

5,100 mL/g. The concentrations of most constituents in

the synthetic ground water used in this experiment were

smaller than those in most of the perched water and

ground water at the INEEL (table 4-4). For example, the

CO3 concentration (96.6 mg/L) was comparable to that of

the modeled ground water from well USGS 89 (table 4-4).

Sorption of Pu also was greatest in this water (table 4-7).

Thus, for ground water with a larger CO3 concentration

such as that from well USGS 19, the thermodynamic

model indicates that the amount of Pu sorbed could

decrease by 55 percent. Caution is needed when thermo-

dynamic modeling results are extrapolated to field condi-

tions; however, such an exercise does illustrate the uncer-

tainty in a single Kd measurement.

Sorption of U also is dependent on the aqueous chem-

ical composition. For example, figure 4-2a shows that a

two-order-of-magnitude increase in U concentration

results in a one-order-of-magnitude decrease in Kd.

Increasing the ligand concentration can significantly

reduce sorption of U (fig. 4-2c). Figure 4-6 shows that

slight changes in pH can have a dramatic effect on the

amount of U sorbed. Modeling U sorption for the 11

INEEL water samples in table 4-4 resulted in Kis ranging

from 7 to 211 for a goethite sorbent (table 4-2). Generally,

sorption decreased with increasing pH and CO3 content.

The type of surface site and value of pH also have a

considerable effect on Am sorption (fig. 4-4). Formation

of Am CO3 complexes increases with CO3 concentration

resulting in less sorption. For the 11 different INEEL

water samples that were modeled, Krs varied by 400 per-

cent.

Spatial variability in the composition of the sorbent

also will have an effect on Kds. Two important measures

of sorption capacity are (1) the CEC, likely to be impor-

tant for cations such as Am, and (2) the concentration of

Fe oxides, likely to be important for sorption of Am, U,

Np, and Pu. The Kds selected for the IRA model (Dicke,

1997) were determined for a composite interbed material

with a CEC of 17.4 meq/100 g and an Fe oxide content of

1.77 percent (Newman and others, 1995). These Kds can

be expected to decrease or increase depending on the CEC

and Fe oxide content of other sediments. Bartholomay and

others (1989) compiled a list of CEC measurements from
previously published reports of the USGS. The data
include measurements from 271 samples of interbed sed-

iments and fracture fill from the INEEL. CECs ranged

from 0.9 to 42 meq/l00 g, and averaged 13.6 meq/100 g.
The Fe oxide content of 11 interbed samples ranged from

0.37 to 2.86 percent (Goff, 1994). Making the assumption

the Kd is linearly proportional to CEC, expected mini-
mum, maximum, and averaged Kds for the sediments
reported in Bartholomay and others (1989) can be calcu-
lated from the Kds determined by Newman and others
(1995). These values are compared in table 5-8. The aver-

age Kds calculated for the 271 samples are comparable to

the values reported by Dicke (1997); however, Kds can be
expected to be significantly smaller in coarser sediments

with smaller CEC. Conversely, Kds will be larger in finer-

grained sediments with larger CEC.

Extrapolation of the laboratory-derived Kds used in

the ERA model to field conditions at WAG-7 also could
introduce uncertainty in the modeling results. Kds mea-

sured in batch experiments can decrease as the suspended

solids concentration increases (section 5.3.2.4.3). 'Sr9

Kds for the composite WAG-7 interbed sediment

decreased by 30 percent for a 19-fold increase in the
solid:liquid ratio (Newman and others, 1995). The Kds for

Am, U, and Pu for the INEEL interbed experiments were

determined for solid:liquid ratios ranging from 3.5 to

150 g/L (Goff, 1994). The interbed sediments in the

unsaturated zone have a solid:liquid ratio of about

4,000 g/L. Thus, it is possible that the Kds measured in the

batch experiments may not adequately represent sorption

in the interbeds. Newman and others (1995) measured Kds

for U in both batch and column experiments. For crushed

basalt, the column Kd was more than one order of magni-

tude lower than the batch Ka. For the interbed sediment,

the column Kd was twice as great as the batch Kd. How-

ever, it is not possible to assess the effect of solid:liquid

ratio on U sorption because of variability in pH; and, pos-

sibly because of differences in U concentration between

the batch and column experiments.

A great uncertainty in the Kds selected for the IRA

model concerns possible reducing microenvironments

that might be found in the source area or in more imper-

meable zones of the saturated interbeds. These reducing
environments could strongly limit the migration of
Np(IV) and Pu(IV), which are only sparingly soluble.

5.7 Summary

The primary question addressed in this chapter is,

"Are Kds for Am, Np, Pu, and U that were used in the IRA

model reliable and have they been applied appropriately?"

The intent in selecting these Kds was to use technically
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Table 5-8. Effect of cation exchange capacity on Kds

[KJ, distribution coefficient; CEC, cation exchange capacity; meq/100 g, milliequivalents per 100 grams]

Kd suggested by Dicke
(1997) based on CEC of

17.4 meq/100 g

Kd calculated for the
smallest CEC of
0.9 meq/100 g

Kd calculated for the
average CEC of
13.6 meq/100 g

Kd calculated for the
largest CEC of
42 meq/100 g

Americium 450 23 345 1,080

Neptunium 8 0.4 6.2 19

Plutonium 5,100 260 3,900 12,200

Uranium 6 0.3 4.6 14

defensible estimates for the Kds and conservative esti-
mates of other model parameters whenever "realistic" esti-
mates were not available. It was not the intent of the IRA
to present a worst case scenario. Kds for Am, U, and Pu
were determined experimentally; Kds for Np were selected
from the literature.

The Kd is a measure of the amount of a solute sorbed
from solution by a solid phase. Advantages of the Kd
approach are its mathematical simplicity and ease of
obtaining experimental values. However, there are many
limitations to the Kd approach. Generally, the Kd mea-
sured is a unique function of the aqueous and solid-phase
compositions. This is especially true for inorganic solutes.

Thus, the Kd measured for sorption by a clay mineral
will be different from the Kd measured for sorption by
goethite. Competition for sorption sites is common.
Increasing the concentration of competing solutes will
decrease sorption of the solute of interest. Decreasing the
concentration of competing solutes will have the opposite
effect. Many ions form aqueous complexes with various
ligands in solution. Changing the concentration of these
ligands changes the concentration of the complex and
alters the amount sorbed. Sorption is often pH dependent.
Cation sorption increases with pH as the surface becomes
more negatively charged. Anion sorption increases with
decreasing pH as the surface becomes more positively
charged. Changes in ionic strength of a solution can affect
the electrical double layer surrounding particles to the
extent that sorption properties change. If sorption is non-
linear, Kd also will be a function of the aqueous concentra-
tion of the solute of interest.

The Kd approach may adequately describe contami-
nant migration and reversible sorption in ground-water

systems in which the aquifer regions occupied by the con-
taminant plume and by the background water each have
uniform mineralogical and chemical compositions that
remain uniform during the timescale of interest. In gen-
eral, the reactive sorption of the contaminant of interest
also must be adequately described by the local equilibrium
assumption. The Kd approach generally will not properly
describe contaminant migration in ground-water systems
undergoing dynamic chemical evolution.

For the 1RA model, a single composite of five sedi-
ment interbed samples was used in batch experiments to
measure sorption of Am, U, and Pu from a synthetic
ground water similar in composition to that from the SRP
aquifer. Specific concerns regarding the Kds recom-
mended for use in the IRA model include the following:

(1) A literature survey of the CEC of 271 samples
from the INEEL indicates that the sorption properties of
aquifer solids can vary widely. Thus, although the Kds
measured for the IRA model may accurately represent
sorption for the composite interbed sample used in the
batch experiments, there is no guarantee that this sediment
represents a technically defensible approach to estimating
Kds especially because the coarse-size fraction was elimi-
nated from the composite samples.

(2) The assumption was made that sorption properties
in the vesicles and fractures in the basalt were comparable
to those in the sedimentary interbeds. Because these vesi-
cles and fractures contain many minerals in common with
the interbeds, this assumption may be valid but needs ver-
ification.

(3) The synthetic ground water used in these experi-
ments was undersaturated with respect to CO3 minerals,
whereas most perched and infiltrating water at the SDA is
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saturated or supersaturated. Because CO3 complexes are

important in the aqueous speciation of actinides, the

smaller CO3 concentration in the synthetic ground water

may have resulted in overestimating sorption. There is

some evidence of calcite dissolution from the interbed

sediment. The pH of effluent from column experiments

increased from 8.0 to 8.4, and conductivity also increased.

If calcite did dissolve in the batch experiments, then CO3

concentrations could have increased to levels comparable

to those of other water at the SDA. However, there were

no data from the batch experiments to evaluate this possi-

bility.
(4) The limited data presented in the report by New-

man (1995) indicate that sorption was nonlinear; there-

fore, the measured Kds apply only to the range of concen-

trations used in the experiments. Concentrations outside

this range are likely to result in Kds that are either smaller

or larger than those reported here.

(5) The Kd of 5,100 mL/g for Pu(total) recommended

for risk assessment modeling is based on experimental

results for Pu(V). A Kd of 110 mL/g was measured for

P(VI). Therefore, the recommended Kd for Pu(total) does

not meet the stated intent to maintain technical defensibil-

ity and conservatism, unless it can be shown that Pu(VI)

will not be present at WAG-7. These experiments were

conducted using only one initial Pu concentration. If sorp-

tion is nonlinear, then the Kd will change with Pu concen-

tration.
(6) A Kd for U as small as 3 mL/g was measured;

therefore, the recommended Kd of 6 rnIfg does not meet

the stated intent to maintain technical defensibility.

(7) The cause of the enhanced-mobility fraction

responsible for the early elution of Am and Pu in the col-

umn experiments needs to be resolved. If this fraction rep-

resents transport as an aqueous complex, then the Kds

used in the IRA model are too large. If the radionuclides

are transported as colloids, basing risk assessment on

sorption-controlled transport may need to be reevaluated.

(8) Sorption also is dependent on the initial aqueous

speciation of the actinide that enters the unsaturated zone

from the disposal area. These species may be quite differ-

ent from those used in the batch experiments. Therefore,

Kds could be much different.

(9) The experimental data from the literature used to

select a Kd for Np show that sorption is highly dependent

on aqueous-phase chemistry and solid-phase mineralogy.

Given this dependency, it might be more appropriate to

determine the sorption behavior of Np for the range of

geochemical conditions specific to the INEEL. The liter-

ature Kds that were evaluated ranged from 1 to 80 mL/g.

Therefore, the Kd of 8 mL/g selected for risk assessment

does not meet the intent to maintain technical defensibil-

ity and conservatism.

There are not enough data from WAG-7 to quantify

all the uncertainty associated with the Kds for Am, U, Np,

and Pu used in the IRA model. The data presented in chap-

ter 4 show that sorption of Am, U, Np, and Pu generally

varies as a function of pH, CO3 concentration, and sorp-

tion-site type and concentration. For 11 different water

samples from the INEEL, thermodynamic modeling indi-

cates that sorption of Am can vary by 400 percent, U by

3,000 percent, Np by 25 percent, and Pu by 55 percent.

For a constant water composition, the Kds selected for the

IRA model could vary by as much as 1,500 percent for the

range in concentration of surface sites measured in inter-

bed sediment and fracture fill samples collected from the

INEEL. In conclusion, the experimental conditions used

to measure Kds for the IRA model do not adequately rep-

resent the aqueous- and solid-phase variability at WAG-7.
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6.1 Introduction

The Interim Risk Assessment (IRA) model of water
and contaminant transport, described by Becker and oth-
ers (1998) and Magnuson and Sondrup (1998), supports
the assessment of future risks to human health and safety
from Subsurface Disposal Area (SDA) contaminants of
potential concern (COPC's). The numerical basis of the
model is the code TETRAD (Vinsome and Shook, 1993).
Model output includes the aquifer contaminant concentra-
tions that are the basis for estimates of effects on human
health. This model is an essential element in predicting the
effect of remedial options.

This review assesses the value and adequacy of this
model as a tool for risk assessment. In this report, the term
"IRA model" refers to the model used in the IRA to pre-
dict contaminant concentrations and the effects of hydro-
logic and chemical processes on the concentrations. This
review does not evaluate the interpretation of these con-
centrations as risks to human health. A significant part of
our evaluation is a comparison of model representations
with the processes and phenomena explained in other
parts of this report. Section 6.2 describes and reviews the
IRA assumptions and simplifications used in setting up
the numerical code. Section 6.3 describes and reviews
specific aspects of the numerical code TETRAD and the
calibration developed for it. Section 6.4 reviews the appli-
cation of the model, especially with respect to its predic-
tions and defensibility related to risk assessment.

This review also does not address issues that involve
definition of the source term and modeling of contaminant
release rates. It is clear that definition of the source term
and release rates are at least as important as other issues
related to the formulation of the computational scheme to
predict actinide transport. As pointed out in the IRA, the
source-term release-rate model has not been calibrated
and remains a major deficiency that needs to be resolved
(Becker and others, 1998, p. 5-38 and 7-12).

62 Review of significant Interim Risk Assessment
assumptions and simplifications

The assumptions and simplifications used in model-
ing were described by Becker and others (1998) in the
IRA, especially in the hydrologic descriptions in chapter
2 and the discussion of modeling assumptions in chapter
5. These assumptions and simplifications address the het-
erogeneity of the subsurface, possible transport mecha-
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nisms, and limited interaction of water and contaminants
with influences outside the Waste Area Group 7 (WAG-
7) domain.

6.2.1 Hydrogeologic framework—geometrical aspects

This section discusses basic geometrical assumptions
related to major components of the hydrogeologic system.

62.1.1 Definition and description of the model domain

In plan (horizontal) view, the SDA occupies an area
with dimensions of about 1,500 m in the x direction (east
to west) and as little as about 250 m to as much as about
750 m in the y direction (south to north). The additional
consideration for modeling the transport of organic con-
stituents effectively increased the modeled area to robust
dimensions of 9,000 by 9,000 m (fig. 6-1).

In vertical cross section, the numerical simulator
includes both the unsaturated and saturated zones. The
unsaturated zone is assumed to be 175 m thick, and the
saturated zone about 76 m thick. The assumed thickness
of the Snake River Plain (SRP) aquifer, 76 m, is consistent
with the WAG-3 and WAG-10 modeling studies (Becker
and others, 1998, p. 5-66) and is supported in studies by
Rodriguez and others (1997), McCarthy and others
(1995), and Robertson (1974). As noted in chapter 2, these
are among the smallest estimates of thickness for the SRP
aquifer. Therefore, this assumption is probably conserva-
tive for predicting dilution of contaminants in the aquifer;
however, dispersion and advective mixing processes in
the saturated zone are not well characterized.

The plan view and vertical cross-section dimensions
define a study volume that is 81 km2 and 251 m thick, or
about 20 km3. This block is the model domain. Within the
model domain, an area of local grid refinement is defined
that is 3,000 m in the x direction and 2,000 m in the y
direction. Almost all of the data available for modeling are
from the region of this smaller sub-domain (fig. 6-1).

The land surface is treated as if it were perfectly flat
(Magnuson and Sondrup, 1998, p. 2-6). Although actual
deviations from flatness are likely the main local influ-
ence on infiltration rates at the SDA, the effects of these
topographic deviations are incorporated into the infiltra-
tion rates estimated by Martian (1995, p. 31) and used in
the IRA model. Because there are likely no other major
effects of the flat-surface assumption, its use in the model
likely does not significantly affect model predictions.

The surficial sediments and sedimentary interbeds
(A-B, B-C, and C-D) are assumed to have spatially vari-
able geometric surfaces and thicknesses that affect water
and contaminant movement (Becker and others, 1998, p.
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5-65). Although this assumption is clearly true, the spe-

cific means of representing these lithologic units in the

IRA model could underestimate the degree and hydro-

logic effect of this variability. Uncertainties associated

with this assumption are discussed further in section

6.2.1.2 on geostatistical applications. In particular, the

kriging techniques used to treat this variability inherently

entail smoothing that may misrepresent geometric fea-

tures that deflect or concentrate water and contaminant

transport. However, information that would permit a

detailed treatment of these geometric features is not avail-

able and possibly not obtainable by any practical means.

Interbeds below the C-D interbed are assumed to be

thin and discontinuous and to have no significant effect on

flow and contaminant transport near the SDA (Becker and

others, 1998, p. 5-65). In actuality, these lower interbeds

are discontinuous, but they could be substantial in places

(Anderson and Lewis, 1989, p. 24-31). Discontinuous

interbeds could generate additional preferential flow

(Magnuson and Sondrup, 1998, p. 6-5 to 6-6), for exam-

ple, by the mechanism of funneled flow, but in the

absence of this mechanism, they affect flow similarly to

the more continuous interbeds. Although preferential flow

is not treated explicitly in the model, because there are

probably greater causes of preferential flow in the unsat-

urated zone and because interbeds are the primary sorbing

media for the actinides and have a generally impeding

effect, the exclusion of these units from the model proba-

bly is conservative.

62.1.2 Geostatistical applications

The subsurface lithology at the SDA consists of a dis-

continuous layer of surficial sediments that is underlain

by a series of basalt flows separated by discontinuous but

mappable interbeds of alluvial and eolian sediments (A-B,

B-C, and C-D interbeds). The surficial sediments and

interbeds correspond to the horizons of enhanced resolu-

tion in the vertical discretization of the model domain as

presented by Magnuson and Sondrup (1998). The posi-

tions of the interbeds are known from borehole informa-

tion that defines the elevation of the top of a given inter-

bed and, in cases of complete penetration, its thickness.

Geostatistical techniques were used to interpolate the top

elevation and thickness of the three primary interbeds and

the surficial sediments through the grids that discretize the

model domain. A review and some extension of the geo-

statistical techniques used in the IRA model are presented

below. This work starts from the basic geostatistical anal-

ysis of Magnuson and Sondrup (1998) and reviews the

results of decisions made in their analyses and interpreta-

tions. Although this review is mostly qualitative, quanti-

tative evaluation of results are presented. The qualitative

review includes a discussion of the procedural steps used

in the IRA and implications inherent in geostatistical

applications. The quantitative evaluations are based on

cross-validation statistics that are presented in maps and

tables that describe kriging standard deviations. Much of

the information presented in these evaluations originated

in this review because cross validation and kriging stan-

dard deviations were not reported by Magnuson and Son-

drup (1998).

The data used for these quantitative evaluations were

residuals obtained from detrended raw data presented in

table 2-1 of Magnuson and Sondrup (1998, p. 2-2 to 2-4).

The detrending procedure is briefly described and dis-

cussed below. It is important to note that the kriged esti-

mates were not added back to the spatial trend, or

retrended in our quantitative evaluations to describe vari-

ability and confidence in the kriged estimates. The num-

ber of data points available for fitting variogram models

of the thickness and top elevation of the surficial sedi-

ments and sedimentary interbeds was different for each of

these units. However, the number of points available for

each lithologic unit was sufficient for adequate definition

of most sample variograms. However, the distribution of

data limit the spatial representativeness of defined sample

variogram points. All data, except those for a few widely

spaced points within the larger expanse of the 9,000 by

9,000 m model domain, were collected within the SDA.

This necessitated the assumption that the values of the

variograms defined at lags within the SDA also apply in

the general model domain if the variograms are to be used

in these areas. Conversely, definition of the variograms at

larger lags was problematic because of the lack of data

locations at these lag values.

The geostatistical analyses for each of the eight vari-

ables (top elevation and thickness of the surficial sedi-

ments, and the A-B, B-C, and C-D interbeds) consisted of

three steps:

(1) defming a polynomial drift or spatial trend for

each variable (top elevation and thickness) and removing

this trend to develop residuals that formed the data set for

the remainder of the kriging analyses (detrending the

data),

(2) construction of variograms for the data set of

residuals for each variable, and

(3) kriging the residuals, using ordinary kriging, to

grid locations and adding back the trend values computed

for these locations (retrending the data).

Although justification for defining spatial trends was

not readily apparent, the equations describing the trends

were kept to loVv-order polynomials by Magnuson and



Sondrup (1998), as is generally recommended. In addi-
tion, as part of this review, the relation between the result-
ant residuals and the x and y coordinates were found to be
free of trends. The use of residuals introduced the possi-
bility of universal kriging as an alternative to ordinary
kriging, which would have negated the need for retrend-
ing. It is not expected that the use of universal kriging
methods would produce any changes to the results. Use of
these alternative methods is simply mentioned because
retrending and detrending procedures are handled in the
actual kriging process rather than with pre- and post-pro-
cessing steps.

The kriged top elevations for the surficial sediments
and the three interbeds were used to place each lithologic
unit in the vertical grid. The kriged thicknesses were used
to describe spatial variation in the horizontal grid and to
distribute the vertical thickness. It is important to note, as
Magnuson and Sondrup did (1998, p. 2-9), that known
areas of zero thickness were superimposed onto the kriged
thickness results. The need for this is discussed in section
6.2.1.2.2.

6.2.1.2.1 Variogram construction

The variogram model and parameters for each vari-
able are given in table 6-1 and figures 6-2 through 6-5. All
variograms have stationary models within their ranges
and are described by spherical, exponential, or Gaussian
forms. Nugget values range from 0 to 1.6 m2. Most of the
sill values apparently were set to the variance of the resid-
ual data sets. This systematic procedure is not uncommon.
It slightly simplifies variogram modeling in that the sill is
not estimated from the sample variogram points but
instead is set. The effects of this procedure on results in
this study are practically insignificant.

Figure 6-2b shows the variogram used by Magnuson
and Sondrup for the thickness of the surficial sediments.
The range of 172 m for the surficial sediment thickness
reported by Magnuson and Sondrup (1998), the smallest
range of any of the eight variables, is also the range they
used to model the variogram. The reported ranges of all
other variables (Magnuson and Sondrup 1998), except for
that of the C-D interbed thickness (also used to model the
variogram), are one-third of the ranges used in this review
and appear to be correlation lengths. The correlation
length often is cited in the literature as being a conserva-
tive range and is approximately one-third of the range
used to fit the sample variogram points. Some subjective
adjustment of the variogram model, such as increasing the
sill or range or both, is possible. For this reason, values for
the sill and range (adjusted for correlation length)
reported in table 6-1, differ slightly from table 2-2 by
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Magnuson and Sondrup (1998). However, it is important
to note that even the most optimistic adjustment would
only nominally increase the range. In a strict sense, that
assumes spatial variability is well characterized within the
range, additional information collected from the field can
provide increased variogram range if it is collected from
points located farther than the variogram range of existing
point information.

The extent of the ranges of most variables in the var-
iogram are such that kriging analyses for areas near the
SDA can be an effective estimation procedure, implying
that the advantages of kriging over other estimation tech-
niques will be realized. Figures 6-2a and 6-5a show the
variograms for the top elevations of the surficial sedi-
ments and the C-D interbed. Ranges for top elevations for
these variograms, in contrast to those for the thickness of
the surficial sediments and the C-D interbed are extended,
which allows estimation of the top elevation over a much
larger area. These variograms also are unusual with
respect to their cross-validation statistics, as discussed
below.

Outside the SDA but within the model domain, the
spatial distribution of data (residuals) points for most var-
iograms relative to the ranges of variables in the vario-
gram eliminates kriging' s special advantages in distribut-
ing spatial information; therefore, kriging becomes
ineffective and estimation defaults to simple averaging of
available data. Some indication of this is evident in the
summary statistics presented in table 6-1, as discussed
below.

The variograms for each variable were evaluated by
a kriging cross-validation technique in which a data point
for a location is omitted from the data set and kriging
results for that location are obtained by using the subset of
remaining values. The procedure is repeated for each
value in the data set. Therefore, each data location will
have a kriging estimate, a kriging standard deviation, and
a data value. Statistics obtained from cross validation
include (I) a mean estimation error defined as the differ-
ence between the data value and the kriging estimate, and
(2) a root-mean-squared error ratio defined as the estima-
tion error divided by the kriging standard deviation.
Acceptable variograms are those for which cross-valida-
tion indicates a mean estimation error near zero (ensuring
unbiasedness), a minimized root-mean-squared error
(ensuring a small error estimate), and an average reduced
root-mean-squared error near unity (ensuring consistency
in the estimation accuracy).
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Table 6-1. Variogram models, parameters, and cross-validation statistics for thickness and top elevation variables for surficial sediments

and interbeds A-B, B-C, and C-D

[Units for nugget and sill are meters squared; units for range, mean error, and root-mean-squared error are meters; ranges reported in 
this table were adjusted by a

factor of 3 to compensate for presumed reporting of correlation length by Magnuson and Sondrup (1998) except ranges for the thickness of 
surficial sediments and

the C-D interbed, which were reported as true ranges. Sample numbers shown in parentheses () for the thickness variable 
indicate the number of samples within

the total sample set that represent partial penetration of the interbed. These values are reported as greater than the penetrated 
thickness by Magnuson and Sondrup

(1998, table 2-1)]

Parameters Cross-validation statistics

Variable
Number

of
samples

Variogram
model

Nugget Sill Range Mean error

Root-
mean-
squared
error

Reduced
root-mean-
squared
error

Surficial sediments

Thickness 94 Spherical 1.30 3.90 176 0.037 1.621 0.868

Top
elevation

94 Gaussian 0.80 20.30 3,900 0.170 3.443 1.424

A-B interbed

Thickness 94 (1) Exponential 0.15 1.03 330 0.035 0.603 0.841

Top
elevation

44 Exponential 0.00 5.50 350 0.317 1.268 1.136

B-C interbed

Thickness 91 (3) Exponential 1.60 5.10 480 -0.090 1.918 1.018

Top
elevation

91 Exponential 0.20 2.80 450 0.050 1.045 1.052

C-D interbed

Thickness 76 (22) Spherical 0.00 8.50 205 -0.078 2.839 2.244

Top
elevation

76 Gaussian 1.00 11.00 2,900 0.395 3.120 1.536



The cross-validation statistics are shown in table 6-1.
The results indicate that the mean estimation errors for
some variables are smaller than the absolute value of 0.10
m. For this study, these smaller values are relatively good.
Mean errors for three of the four top elevations are larger
than 0.10 and, for the C-D interbed, are about 0.40. The
reduced root-mean-squared errors usually are considered
acceptable if they are within an interval defined as fol-
lows:

1 ± 241 
number of samples

2 (6.1)

Using this reduced root-mean-squared error criterion
for the variograms for the top elevation of the surficial
sediments and the top elevation and thickness of the C-D
interbed variables should be considered less than optimal
for the region encompassed by the model domain (9,000
by 9,000 m).

6.2.1.2.2 Kriging results

The kriging standard deviation, a product of kriging
theory, is a function of the geometry of the data points
implemented through the variogram that is used for
obtaining a kriging estimate. It is also a measure of the
uncertainty associated with a kriged estimate; therefore,
the kriging standard deviation is also a measure of confi-
dence. Maps of kriging standard deviations often are pre-
sented with maps of kriging estimates so that the areas
where kriging is most effective and where it is ineffective
can be seen. Kriging standard deviation maps were pre-
pared as part of this review for all variables and the results
are summarized in table 6-2 and illustrated in figures 6-6
through 6-21.

Table 6-2 shows that for all variables except two (the
top elevations for the surficial sediments and the C-D
interbed), the kriging process was ineffective throughout
about 90 percent of the 9,000 by 9,000 m model domain.
In other words, although the kriging process was capable
of making estimates, most of the estimates were based on
simple averaging of data. In contrast, at the SDA, which
represents about 5 percent of the model domain, all vari-
ables, except perhaps the top elevation of the A-B interbed
(fig. 6-10) and the thickness of the C-D interbed (fig. 6-
20), were effectively characterized.

Figures 6-7 and 6-9 represent the extremes for all the
characterizations. The results for the top elevations of the
surficial sediments, which came from a variogram with
one of the longest ranges (fig. 6-1), portray relatively high
confidence in kriged estimates for most of the 9,000 by
9,000 m model domain. The results for the thickness of
the surficial sediments, which came from the variogram
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with the shortest range (fig. 6-1), portray the highest con-
fidence in kriged estimates for most of the SDA area;
however, the full advantages of kriging were not realized
for most of the model domain. These areas are character-
ized as those of ineffective kriging in this review and cor-
respond to areas that are farther from any measured values
than the particular variogram range.

In summary, the range of the variograms is an impor-
tant factor in determining how much of the model domain
will be characterized effectively by kriging. For the vari-
ables kriged by Magnuson and Sondrup (1998), only two,
the top elevations for the surficial sediments and the C-D
interbed, were characterized effectively for more than
about 10 percent of the 9,000 by 9,000 m model domain.
However, the kriging for the other variables was generally
effective for most of the SDA. For areas where kriging
was ineffective, estimates are essentially equivalent to
those obtained from simple averaging.

It is also important to note that the kriging process
introduces smoothing into the resultant estimates; there-
fore, for estimates of thickness, kriging will extend areas
of nonzero thickness into areas of zero thickness. To pre-
serve known gaps in the sedimentary interbeds in the
SDA, Magnuson and Sondrup (1998, p. 2-9) superim-
posed areas of zero thickness onto kriging results.

6.2.2 Nature of materials

The effect of particular subsurface materials on water
and contaminant transport is represented quantitatively in
the IRA model by specific hydrologic characterizations.
Table 6-3 summarizes the basic model components
involved, with information on the types of measured or
estimated data used to characterize them.

Magnuson and Sondrup (1998, p. 2-9) noted that the
hydraulic properties used in the IRA model were delin-
eated on the basis of lithology, and thus that their simula-
tion represents "only contrasts in hydraulic properties
between dissimilar media (sediments and fractured
basalts)". This implies the assumptions that (1) the
hydraulic properties correlate strongly with directly
observable features of the subsurface media, and (2) the
properties are homogeneous within each lithologically
identifiable layer. These assumptions allow the grouping
of property characterizations (by various means) within a
geomorphologically distinguishable layer. Given the
small number of available measurements, these kinds of
assumptions are unavoidable in the current (1999) model-
ing efforts, but they create serious problems in determin-
ing the reliability of model results.
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Table 6-2. Relative confidence in kriging estimates

[Confidence range, relative confidence in kriging estimate expressed as a percentage of maximum confidence; ineffective kriging applies to areas where the krig-

ing process is equivalent to simple averaging]

Variable

Confidence range

0 to <25 25 to <50 50 to <75 75 to 100
Area of ineffective

kriging

Fraction of model domain in specified lithologic unit

Surficial sediments

Thickness 0.02 0.01 0.01 0.00 0.97

Top elevation 0.08 0.22 0.36 0.33 0.00

A-B interbed

Thickness 0.05 0.02 0.01 0.00 0.92

Top elevation 0.03 0.01 0.00 0.00 0.95

B-C interbed

Thickness 0.08 0.03 0.02 0.01 0.86

Top elevation 0.07 0.03 0.01 0.00 0.89

C-D interbed

Thickness 0.02 0.01 0.01 0.00 0.96

Top elevation 0.10 0.21 0.36 0.33 0.00
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Table 6-3. Summary of hydrologic characterizations used in the Interim Risk Assessment (IRA) model (Magnuson and Sondrup (1998, seeespecially table 2-4). Some characterizations were adjusted in the IRA model calibration, see table 6-6, section 6.3.2 of this report)
[IRA, Interim Risk Assessment; SDA, Subsurface Disposal Area; Ksat, saturated hydraulic conductivity; WAG, Waste Area Group; LSIT, Large Scale InfiltrationTest; COPC's, contaminants of potential concern]

Hydrologic characterization
for the IRA model Basis of evaluation Estimated quantities Comments

Flow properties of surficial
sediments

Neutron-measured transient
water contents in 17 holes inKsat,
the SDA (Bishop, 1996;
Martian, 1995, UNSAT-H
calibration)

van

Genuchten-Mualem
unsaturated flow
parameters

The model as constructed has little
direct sensitivity to these because
infiltration/recharge/runoff effects
are treated separately in the
infiltration model

Infiltration in the SDA
(combined effects of climatic
and hydrogeologic
properties)

Neutron-measured transient
water contents in 17 holes in
the SDA (Bishop, 1996;
Martian, 1995, UNSAT-H
calibration)y

Spatially and
temporally variable
infiltration rates at
the SDA

Only two holes are in disturbed
soils; uncertain contributions from
historic floods; calibration data
from 1994 and 1995 onl

Flow properties of interbed
sediments

WAG-3 modeling estimates;
core-sample
characterizations by
Magnuson and McElroy
(1993)

'sat; van

Genuchten-Mualem
unsaturated flow
parameters

Available data do not permit
characterization at the level of
accuracy and detail relevant to
contaminant transport

Flow and transport
properties of basalts in the
unsaturated zone

Water and tracer data from
the LSIT

Horizontal and
vertical
permeability;
fracture porosity;
longitudinal
dispersivity

Selective use of data from the LSIT
that supported use of a radially
symmetric porous-media equivalent
model

Flow properties of basalts in
the saturated zone

WAG-10 model results;
pump-test data;
potentiometric-surface data

Horizontal
permeability

Selective use of hydraulic head
data; limited hydraulic head data to
define boundary conditions; neglect
of possible effects of spreading
areas; determination only of ratios
of permeabilities from different
units

Contaminant transport
properties of COPC's

Measured concentrations of
contaminants in the aquifer

Distribution
coefficients;
specific-surface
areas and apertures
of fractures in
basalts

Source-term uncertainty; use of
nondetects in calibration
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6.2.2.1 Means used to determine hydraulic properties

The means available to determine hydraulic proper-

ties usually involve a tradeoff between quality of results

(especially directness and accuracy) and cost or conve-

nience. Studies of large and complex regions of the sub-

surface, like that of the SDA, usually rely heavily on indi-

rect methods (for example, inverse modeling, as discussed

below) that typically provide results on a larger scale but

with less resolution and less reliability than more direct

methods. In some cases, data from more direct means are

available. For example, water retention of surficial sedi-

ment cores (Shakofsky, 1993, 1995), can be measured

directly, either in situ or with extracted samples. These

kinds of direct measurements usually do not represent the

entire range of relevant media or conditions, so it is fre-

quently necessary to interpolate or, less desirably, to

extrapolate. These procedures could be used, for example,

to estimate the needed properties at different water con-

tents or spatial positions. Another practical use of direct

measurements is comparison with inverse-model results

to determine whether the measurements support or inval-

idate the more voluminous but lower quality modeled

results.The adaptation or adjustment of measurements

from one medium to another, although generally less reli-

able than direct measurements, is adequate for some pur-

poses. For example, hydraulic conductivity measurements

for a coarse sand can be adjusted by scaling methods

(Miller and Miller, 1956) to estimate the hydraulic con-

ductivity of a similar, but finer, sand. There also are meth-

ods available for predicting certain properties from other,

easier-to-measure properties. In unsaturated zone hydrol-

ogy, one of the most widely used types of such methods is

based on capillary bundle models (Childs and Collis-

George, 1950; Mualem, 1976) that predict unsaturated

hydraulic conductivity from water retention. A method of

this type can be used in combination with the assumption

by Magnuson and Sondrup (1998) that hydraulic proper-

ties can be based on lithology rather than individual mea-

surements.

Most of the methods used for estimating the hydrau-

lic properties of the various subsurface materials at the

INEEL involve some form of inverse modeling. For

example, the field-scale hydraulic properties of the frac-

tured basalts were assumed to be adequately described by

the inverse model results by Magnuson (1995) for the

Large Scale Infiltration Test (LSIT) (Becker and others,

1998, p. 5-66). The basic scheme of inverse modeling is

the systematically repeated use of a forward model, which

predicts a measurable quantity (for example, water levels

in a well as a function of time) from fundamental proper-

ties of the system (for example, hydraulic conductivity)

and particular input conditions (for example, infiltration

as a function of time). Inverse modeling is used when the

predicted quantity is already known, but the fundamental

properties of the system are not. The forward model cal-

culations are repeated with systematically varied trial val-

ues of the fundamental properties, so that the property val-

ues that lead to the most accurate output can be identified

and taken as system characteristics. One common pitfall is

that the results are not necessarily unique—more than one

combination of input property values can lead to essen-

tially the same output, so the system characteristics iden-

tified may not be the best possible. For example, if a defi-

ciency in one property or in some aspect of the model

framework compensates for another deficiency that has an

opposing effect, then the result of the inverse modeling

will be fundamentally defective in a way that may not be

apparent. The reliability of inverse modeling results

depends strongly on the appropriateness of applied

assumptions and simplifications, for example, those con-

cerning surface-water ground-water connections, multi-

modal porosity, anisotropy, and matrix diffusion. Reli-

ability of results also requires that all significant

phenomena related to contaminant transport are repre-

sented in the data used for the calibration. For example,

time and space intervals and the type of measurements

must not be insensitive to hydrologic processes of signif-

icance. Model calibration (discussed for the IRA model in

section 6.3.2) generally involves inverse modeling in

which a particular data set is chosen as a target or standard

for the predicted quantities.

6.2.22 Fractured basalts in the unsaturated zone

Some assumptions included in the IRA model are that

in the fractured porous basalts, flow is controlled by the

fracture network and that the basalts can be represented

adequately as equivalent to a high-permeability, low-

porosity medium (Becker and others, 1998, p. 5-66). As

discussed in chapter 2, such consideration of fractured

media as equivalent to granular media is common. This

assumption means, however, that all important transport

phenomena must be encompassed by the equivalent

medium. For purposes of predicting travel times, this

assumption is a basic deficiency in the model and, there-

fore, is not a conservative assumption. Because spatially

averaged behavior is inherent in the equivalent-granular-

medium assumption there will be some flow paths with

markedly faster transport than this assumption predicts.

Unless the amount of contaminant transport in such pref-

erential-flow paths is negligible because of factors such a

dilution in the subsurface, this assumption will lead to



underpredictions of contaminant concentrations at certain
points away from the source.

Various algebraic formulas can represent hydraulic
properties of the medium that is taken as equivalent to the
fractured, porous basalts. The IRA model uses the
Brooks-Corey (1966) and van Genuchten (1980) empiri-
cal formulas for water retention curves. For the relative
permeability/saturation and saturation/water potential
relations for the fractures in the basalts it uses the Brooks-
Corey formulas (Brooks and Corey, 1966). Both of these
relations were developed and tested for use with soils, not
fractured rock. However, there is precedent and support
for their use with fractures, for example, the use of the
Brooks-Corey formula to represent water retention in sin-
gle fractures (Reitsma and Kueper, 1994). A van Genu-
chten curve resembles a Brooks-Corey curve but differs
mainly in having a rounded rather than a sharp bend at the
part of the curve representing the transition from satura-
tion to unsaturation. Thus a van Genuchten curve could
represent water retention in a fracture. For an assemblage
of fractures, as in a macroscopic chunk of basalt, the
resulting hydraulic properties probably would be repre-
sented reasonably by these formulas, but because the
curve near the saturated-unsaturated transition probably
would be more smoothly rounded, the van Genuchten for-
mula could be a better representation. These formulas
might be as suitable for fractured basalts as for soils, but
for either type of medium, these representations some-
times deviate substantially from the actual properties.
This deviation, which typically is a problem, for example,
when the dry range is important (Nimmo, 1991), is cur-
rently a topic of controversy in the hydrologic commu-
nity. Liu and others (1998) concluded that because not all
fractures actively conduct water, the processes involved
in conducting flow by only a few fractures "may require
formulating the fracture water flow in a different way."
They also noted that "Specifically, the van Genuchten
(1980) and other relations... may not be valid for describ-
ing fracture water flow without suitable modification or
generalization." Magnuson and Sondrup (1998, p. 2-25)
also acknowledged this by noting that "Determining con-
stitutive relationships for fractures continues to be an
active research area."

The hydrogeologic properties of basalts in the unsat-
urated zone, (the permeability (k), anisotropy (kv/kh), the
fracture porosity (nf), the longitudinal dispersivity (VL),
and the Brooks-Corey parameters for unsaturated water
retention and relative permeability), were determined by
inverse modeling to data collected during the LSIT (Mag-
nuson, 1995; Dunnivant and others, 1998). The LSIT was
conducted by ponding water on the ground surface in a
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183-m-diameter basin and monitoring for the arrival of
water and conservative and reactive tracers in wells
located on lines radiating outward from the center of the
basin and in rings located 15, 90, and 230 m from the edge
of the basin. Magnuson and Sondrup (1998) further
refined the parameter values using limited borehole data
on the distribution of perched water beneath the SDA and
changes in the elevation of perched water over time (sec-
tion 6.3.2).

Estimates for values of properties of the basalts used
in the simulations by Magnuson and Sondrup (1998, table
2-4) were taken from a variety of sources. Values used as
initial estimates of permeability for basalts in the unsatur-
ated-zone portion of the model were taken from Magnu-
son (1995, table 4). Based on perched water-level changes
directly beneath the circular infiltration pond and water-
level changes at observation wells located at varying dis-
tances from the pond, Magnuson estimated the vertical
permeability (ky) to be 300 mD and the horizontal perme-
ability (kh) to be 90,000 mD. Magnuson (1995, p. 38) rec-
ommended a porosity of 0.03 and a kv of 175 mD to best
match B- and C-ring hydrographs and B-ring break-
through curves in the LSIT. The values used in the IRA
model for porosity and kv, 0.05 and 300 mD, respectively,
were not entirely consistent with the inverse-model results
of the LSIT. Magnuson and Sondrup (1998) found it nec-
essary to decrease kh to 9,000 mD to recreate perched-
water conditions beneath the SDA. Larger values of kh
allowed modeled percolation from the SDA to migrate
rapidly downdip, and prevented the observed perched-
water lenses from being simulated. The permeability esti-
mates considered by Magnuson and Sondrup (1998) are
presented in table 6-4.

The relation between relative permeability and satu-
ration for basalts was assumed by Magnuson and Sondrup
(1998) to be linear. Magnuson (1995) showed that the
simulated water movement in the basalts beneath the
basin of the LSIT was somewhat sensitive to the curvature
in the assumed relative water-permeability/water-satura-
tion relation; as the curvature in this relation increased, the
rate of water movement slowed because the fractures had
to fill to a large extent before their permeability increased
sufficiently to transmit the infiltrating water (Magnuson,
1995, p. 32-37). Magnuson (1995) concluded, probably
correctly, that the rate of water movement was more sen-
sitive to the absolute (saturated) permeability than to the
unsaturated hydraulic characteristics of the fractures.
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Table 6-4. Estimated permeability of fractured basalts at the Subsurface Disposal Area (SDA) considered for use in the Interim Risk As-

sessment model

[WAG, waste area group; k, permeability; ml), millidarcy; kr vertical permeability, kh, horizontal permeability]

WAG-10 model SDA saturated-zone model
Large-Seale Infiltration SDA unsaturated-zone

Test model

kzone53 = 168,000 ml)

1,800,000 mDkzone54 =

kiow = 153 111D

kmedium = 16,300 ml)

khigh = 1,200,000 mD

kbasalt =85,000 mD

k, = 300 mD k, = 300 mD

kh = 90,000 mD kb = 9,000 mD

As Magnuson and Sondrup (1998) noted, data on the

unsaturated hydraulic characteristics of fractures are

extremely limited; however, several theoretical studies

indicate that the relation between water relative perme-

ability and water saturation is nonlinear (for example,

Kwicklis and others, 1998, figs. 17 and 18c). Based on the

sensitivity analysis performed by Magnuson (1995), the

effect of including a nonlinear relative permeability rela-

tion in the simulations would be a calibrated absolute per-

meability larger than otherwise would be calculated in

order to compensate for the relatively small fracture per-

meability associated with the nonlinear curves at partial

saturation. Alternatively, the effect of including a nonlin-

ear relative permeability/saturation relation would be to

hold the perched water beneath the SDA with a larger

absolute permeability for the basalt (Magnuson and Son-

drup, 1998).
Both Magnuson (1995) and Magnuson and Sondrup

(1998, p. 2-26 to 2-27) assumed a value of 32 kPa for the

Brooks-Corey fitted parameter for matric-potential scal-

ing (Aaw). This implies that the average fracture aperture

is 47 x 10-6 m (47 pm), based on the capillary rise equa-

tion adapted for parallel-plate fractures (Kwicklis and

Healy, 1993):

Pe = Apgh = 2acosebf (6.2)

where:
Pc= capillary pressure (32,000 Pa);

p = density of water (997.0 kg/m3 at standard
temperature);

g = gravitational acceleration (9.81 m/s2);

h = height of capillary rise (m);
a = interfacial surface tension between water and air (75

x 10-3 N/m at standard temperature);

0 = contact angle between the media and the water (typi-

cally assumed to be 0 for silica-based glasses); and

bf = fracture aperture (m).
In determining the fracture surface area for the

basalts, Magnuson and Sondrup (1998, p. 5-6) assumed

that the fracture porosity (41f) of the basalts is 0.05 and that

the fracture apertures are 0.001 m (1,000 pm), consider-

ably larger than the 47 µm apertures implied by the

assumed Aaw value of 32 kPa, as noted above. The Mag-

nuson and Sondrup values of (1)f and bf imply that there are

(14/bf = 50 fractures _per m3 assuming that each fracture

extends over a 1-mz area within a 1-m3 volume. If there

are, for example, 3 mutually orthogonal fracture sets, then

about 34 fractures per cubic meter contribute to perme-

ability in any direction. Calculated from the cubic law, the

permeability of a single fracture, kf, is:

kf = bf/12 = (0.001)2/12

kf = 8.3 x 10
-8

111
2 (6.3)

and the fracture continuum permeability (kfc) may be cal-

culated as:

kfc = (34)(8.3 x 10-8m2)(0.001m/m)

fr = 2.8 x 10
9m2 (6.4)

This value of kfc is approximately 2,800 D or

2,800,000 mD, a value that is much larger than the kfc

value of 9,000 mD that Magnuson and Sondrup used in

the model.
In summary, the modeled hydraulic properties of the

basalts are highly simplified with respect to actual charac-

teristics. When interpreted on the basis of simple parallel-



plate models, assumptions about the capillary properties,
porosity, aperture and permeability of the fractured
basalts are not entirely consistent with each other.
Although these inconsistencies do not necessarily negate
the conclusions of the study, improved internal consis-
tency would give more credence and rigor to the results.

6.2.2.3 Surficial sediments

The IRA model relies for hydraulic properties of the
surficial sediments on averages of Martian's (1995)
inverse model results fit to neutron data from 17 shallow i
boreholes in the SDA. The laboratory measurements of t
Shakofsky (1995), summarized by Shakofsky and Nimmo
(1996) and updated by Nimmo and others (1999), are use- s
ful for comparison with the inverse model results because t
these direct measurements were made on core samples
from undisturbed soil and a simulated waste trench near w
the SDA. The model results differ from direct measure-
ments in that (1) the inverse-modeled K values of Martian th
(1995) tend to be smaller by an order of magnitude or
more, and (2) water retention remains near saturation at
more extreme values of matric pressure. The second dif- a
ference could also be described by saying that the Martian a
curves have air-entry pressures farther from zero matric s
pressure. th

Small K might mean that the model tends to underes- h
timate flow rates. Air-entry pressures farther from zero
might mean that the model tends to overestimate the
amount of soil that is near saturation (and hence would sa
have faster flow). At any given time, these deviations
might compensate for each other to some degree, but the m
net effect is not predictable from available information. of

The hydraulic properties of the surficial sediments th
relate to the local hydrology in many respects. The surfi- w
cial sediments are not considered to substantially impede
contaminant transport, so flow rates within them probably to
are not a major influence on the modeled concentrations D
relevant to risk assessment. The properties are closely to
related to infiltration and recharge, but treatment of these ity
factors in the model does not depend directly on the esti-
mated hydraulic properties of the surficial sediments.

Another assumption is that waste at the SDA has the as
same hydraulic properties as the surficial sediments be
(Becker and others, 1998 p. 5-65). Although this is obvi- stra
ously not true, it is a reasonable assumption in the sense fea
that it should not affect the WAG-7 modeling signifi- Th
candy. Hydraulic properties of the waste could affect mat
source releases, but the model treats this factor in terms of in
the release rate in the source term. Wastes are a small frac- in
tion of the volume of the surficial layers and (except for ero
being the source of contaminants) are not likely to signif- ma
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icantly affect contaminant transport. The disturbances
caused in the process of burial can significantly affect the
hydraulic properties of the surficial sediments (Andraski,
1996; Shakofsky and Nimmo, 1996), but again, such
effects are treated indirectly in the infiltration model.

6.2.2.4 Sedimentary interbeds

In a general way, properties and possible transport
modes of the interbeds are similar to those of the surficial
ediments. In part because they are less accessible, the
nterbeds have been even less completely characterized in
erms of hydraulic characteristics and heterogeneity than
the surficial sediments. The hydraulic properties of the
edimentary interbeds are assumed implicitly in the IRA
o be adequately represented as equivalent to those of a
omogeneous, isotropic, granular porous medium in
hich the flow is not preferential.
Magnuson and Sondrup (1998, p. 6-5) summarized

e quality of the available data to characterize the hydro-
ogic properties of the sedimentary interbeds as follows:

A-B interbed—four samples, two boreholes: "...the
vailable samples are not adequate to hydraulically char-
cterize the A-B interbed...A-B interbed was assigned the
ame hydraulic properties as the C-D interbed based on
e similar lithology of the two interbeds." Vertical
ydraulic conductivity varies within three orders of mag-
itude.
B-C interbed—six samples, five boreholes: "The

mples that have been recovered are biased toward lower
ermeability because they are composed of finer-grained
aterials which are more easily recovered...the number
samples...is not adequate to hydraulically characterize
e B-C interbed." Vertical hydraulic conductivity varies
ithin six orders of magnitude.
C-D interbed-34 samples, 14 boreholes"...charac-

rization appears adequate for the C-D interbed." The C-
interbed generally contains more clay and loam leading
better sample recovery." Vertical hydraulic conductiv-
ranges over seven orders of magnitude.
For the lower interbeds no samples were available.
There are potentially serious shortcomings in the

sumed homogeneity of materials and flow. The inter-
ds in at least some places have a high degree of internal
tification and other hydraulically significant structural
tures (Rightmire and Lewis, 1987a; Hughes, 1993).
e presence of lenses or layers of texturally contrasting
terials at a vertical scale of centimeters or millimeters

dicates a high likelihood that funneled flow is common
these materials. Unstable flow is also possible, and het-
geneities of the materials may cause some degree of
cropore flow. Some of these preferential-flow features
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may channel the bulk of water and contaminant move-

ment within a fraction of the total volume of the interbeds.

The model treats preferential flow (section 2.4.3.3) only

implicitly in the inferred effective hydraulic properties of

the interbeds. This treatment is similar to that for flow in

the basalts, though flow in the interbeds could be compli-

cated by the possible combination of various preferential-

flow modes with nonpreferential flow.

The IRA model hypothesizes a continuous impeding

layer at the top of the B-C and C-D interbeds (Magnuson

and Sondrup, 1998, p. 3-7), which could represent a layer

of clay at the top of these interbeds, or sediment filling of

fractures in the basalts immediately above the interbed.

Such feature have been described (Barraclough and oth-

ers, 1976), but the main reason for including these layers

is to improve the match to perched-water levels in inverse

modeling for model calibration (section 6.3.2.1). At least

some direct observational evidence of interbed materials

contradicts this hypothesis, for example textural profiles

that become generally finer with increasing depth within

the interbed (Rightmire and Lewis, 1987a, p. 43; Hughes,

1993, fig. 12). Some observations support a more random

distribution of clays within interbeds (Rightmire and

Lewis, 1987a, p. 34). These observations strongly indicate

that if such interbed-capping clay layers exist near the

SDA, they are not continuous. The possible nonunique-

ness of inverse modeling results could account for the bet-

ter matches to hydrologic data when this hypothetical clay

layer is included. Alternatively, the clay layer may serve

to compensate for some other, unaccounted-for mecha-

nism that has an impeding effect.

In a study that is being done by the USGS (K.S. Per-

kins and J.R. Nimmo, USGS, 1999, written commun.) to

develop methodologies for drilling, coring, and character-

izing the hydrologic properties of the sedimentary inter-

beds, continuous cores of the B-C interbed were recov-

ered from two boreholes (UZ98-1 and UZ98-2) located

southwest of the SDA (fig. 6-22). The B-C interbed at this

location is approximately 10.4 m thick and has two dis-

tinct sections. The upper 5 m is composed primarily of

fine to coarse sands interspersed with thin, intermittent

gravel layers. The lower 5.4 m is primarily a silt loam.

Nineteen core samples were used to determine the unsat-

urated hydrologic properties of this unit. Forty samples

were used to define the unit's textural characteristics, or

particle-size distribution. The clay-sized fraction in eight

samples from the upper section ranges from 0 to 4 percent.

The clay-sized fraction in 32 samples from the lower sec-

tion ranges from 4 to 23 percent; the largest clay percent-

ages are in samples from near the base of the B-C interbed

at this location.

Saturated hydraulic conductivity of the B-C interbed

at the drilled location varies within four orders of magni-

tude, from a minimum of 0.2 mD near the bottom of the

lower section to a maximum of 3,900 ml) across the entire

upper section. The arithmetic average of the measured sat-

urated hydraulic conductivity for 14 samples is 12 mD.

The median value for these 14 samples from the lower

section is 5 mD. Measurements of saturated hydraulic

conductivity in samples from the upper section do not

include the effects of the thin intermittent gravel layers,

indicating that the saturated hydraulic conductivity of the

upper section could be much larger than the largest value

measured on the core samples.

The uppermost 0.3 m of the B-C profile at the drilled

location consists of a highly oxidized, reddish, baked zone

of gravelly sand overlain by massive basalt. The clay-

sized fraction of this upper baked zone is approximately 1

percent.

The above example illustrates that the hydrologic

properties of the composite B-C interbed at the drilled

location deviate markedly from the assumption that the

interbeds can be treated as homogeneous, isotropic media.

Characterization of the interbeds should include defini-

tion of the vertical and lateral variability of their physical,

hydrologic, and chemical properties. The validity of sim-

plifying assumptions, which are needed to represent these

geologic units in the numerical simulator, cannot be estab-

lished without data that can show how these basic proper-

ties vary in space.

6.2.2.5 Aquifer properties

Controls on water movement in the SRP aquifer, as

described in section 2.4.4, are assumed to be consistent

with the controls on water movement in the fractured

basalts in the unsaturated zone (Becker and others, 1998,

p. 5-66). The flow properties of the basalts in the saturated

zone, specifically permeabilities, were determined largely

from aquifer test data and calibration of the saturated-

zone portion of the WAG-7 model to available hydraulic

head data (section 6.3.2). The basalt permeabilities deter-

mined during calibration of the WAG-10 model were ini-

tially considered in the calibration but then were disre-

garded because they produced a poor match to the

available head data and because site-specific information

was available from the aquifer tests. Potential concerns

with this step of the calibration process relate to (1) the

neglect of the possible effects of diversion of water from

the Big Lost River (BLR) into the spreading areas (section

6.2.3.3), (2) the selective use of head data that ignored

indications of transient behavior in the aquifer (section

6.2.3.3), (3) the limited head data available to specify the



boundary conditions, particularly along the western and
northern boundaries of the WAG-7 model, and (4) the
exclusive use of prescribed heads along the boundaries
and the absence of any constraints on the ground-water
flux, which could allow any model that includes perme-
abilities in the same ratios as those determined in the cal-
ibration to match the head data equally well.

The permeability estimates for the saturated-zone
portion of the model were taken initially from the WAG-
10 model (McCarthy and others, 1995). These estimates
were 168,000 mD for zone 53 of the WAG-10 model,
which corresponded to the northeast corner of the WAG-
7 model, and 1,800,000 mD for zone 54 of the WAG-10
model, which corresponded to the remainder of the WAG-
7 model domain. Because Magnuson and Sondrup (1998)
were unable to reproduce the observed hydraulic heads by
using a two-zone model and these permeability estimates,
they created a more detailed model for the saturated zone
that included three shallow zones and a fourth deep zone
that represented the "I" basalt. Zone 1 was a large perme-
ability (1,200,000 mD) region that extended from the
northern model boundary southward into the southern half
of the SDA. Zone 2 was a medium-permeability (16,300
mD) region that extended from the southern limit of Zone
1 to the southern model boundary, except near the SDA
where, locally, a small-permeability region (153 mD,
Zone 3, discussed below) was assumed to extend 1,000 m
south of the SDA. The permeabilities of these three zones
were the arithmetic mean permeabilities of large,
medium, and small permeability zones identified by
Wylie and Hubbell (1994) and Wylie (1996) based on
transmissivities calculated from aquifer-test data and the
open intervals of the wells (Magnuson and Sondrup,
1998, fig. 2-22). Permeabilities for individual wells in the
three shallow zones ranged from 4 to 1,508,700 mD. The
six-order-of-magnitude variability in the permeability
measurements for individual wells seems to indicate that
permeability is strongly affected by different types of vol-
canic deposits, fissures, and dikes. In the final calibrated
model, a fourth zone representing the relatively deep "I"
basalt was added to the model. Based on modeling of
Rodriguez and others (1997) the "I" basalt has a perme-
ability of 85,000 mD.

The existence of the small-permeability region of
Zone 3 (153 mD) in the SRP aquifer southwest of the
SDA (Becker and others, 1998, p. 5-66) is supported by
data from aquifer tests from eight wells that trend north-
westward along the southern boundary of the SDA. Val-
ues of effective hydraulic conductivity in these wells
range from about 0.003 to 0.3 m/d and are among the
smallest measured values at the INEEL. Values of
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hydraulic conductivity in this range are attributed by
Anderson and others (1999) to concealed dikes. Dikes, if
present, probably are oriented at a high angle (perpendic-
ular) to the main direction of ground-water flow and may
form local bathers to flow. As currently (1999) imple-
mented in the IRA model, the small permeability region is
assigned to the upper portion of the aquifer beneath the
southern half of the SDA and affects the movement of
nitrate by acting as a partial dam, that is by forcing water
and dissolved nitrate in it to go around or under the small
permeability region (Magnuson and Sondrup, 1998, p.
4-9). If this small permeability region is related to con-
cealed dikes, these dikes probably extend from beneath
the base of the aquifer to the top of the C-D interbed in the
unsaturated zone, so that water and wastes in this area
must go around or through the zone of dikes. Dikes are
postulated as linear, discontinuous features in the SRP
(Anderson and others, 1999). The available data strongly
support the assumed small-permeability region, though its
hydraulic effects are represented only approximately in
the IRA model. If the actual permeability were smaller
than that assumed in the model, COPC concentrations in
the aquifer under the SDA likely would be greater than the
model predicts.

The effective porosity of basalt probably ranges from
0.10 to 0.25 (Ackerman, 1995). Although a reasonable
value of porosity of 0.05 was used for SDA flow simula-
tions, this value is significantly less than a value of 0.21
derived from calibration of an advective transport model
of the SRP aquifer system (Ackerman, 1995) and is con-
servative for contaminant transport.

6.2.2.6 Heterogeneity and anisotropy of hydraulic properties

The hydraulic properties within lithologic units, both
basalts and interbeds, are assumed homogeneous (Becker
and others, 1998, p. 5-65), as noted in section 6.2.2.1
above. The effects of this simplification are the previously
mentioned omission of preferential-flow mechanisms and
the impeding bather effects that could affect contaminant
transport.

Most of the subsurface is highly anisotropic (section
2.3). There are strong possibilities for small-scale (intra-
layer) anisotropy, for example, where basalt fractures tend
to be more vertically or horizontally oriented. Large-scale
(multilayer) anisotropy is a certainty, if in no other way
than because a basalt-sediment interface will have mark-
edly different effects on horizontal and vertical flow. The
net large-scale anisotropy was assessed by inverse model-
ing during model calibration (Becker and others, 1998, p.
3-31): horizontal K exceeded vertical K by an estimated
factor of 30. The magnitude of anisotropy does not have a
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sound independent basis for estimation, however, which

partly explains why different degrees of anisotropy have

been reported by different sources (Barraclough and oth-

ers 1976, p. 48; Magnuson and others, 1995). The anisot-

ropy quantified in the IRA model is what gives the best

performance of this model, but cannot be fully evaluated

with respect to known properties of the subsurface.

6.2.3 Unsaturated-zone flow

6.2.3.1 Infiltration

Estimating the rates of water movement through the

trenches containing the waste is essential because the

likely pathway for nonvolatile contaminants to reach the

underlying aquifer is dissolution by and transport with

infiltrating water. These estimates were made by Martian

(1995) using a computer code (UNSAT-H) and moisture

profiles in the surficial sediments determined using a neu-

tron probe at 17 shallow boreholes at the SDA. Using soil

moisture data from 1994 and 1995 (Bishop, 1996), Mar-

tian (1995) first estimated the soil properties at each of the

17 boreholes and then used historical climate data in com-

bination with the estimated soil properties to calculate

daily infiltration at each borehole between 1952 and 1995.

The data from 1994 and 1995 indicated that the character

of the spring thaw, whether it was abrupt so as to generate

runoff over partially frozen ground or slow enough to

allow melting snow to infiltrate where it lay, was an

important variable in determining the distribution of infil-

tration at the SDA. Therefore, historical information on

the character of the spring thaw during 1952-95 was used

to adjust the precipitation data used in the models for indi-

vidual boreholes to account for the timing and amount of

runoff during the spring thaw. The adjustments for indi-

vidual boreholes used precipitation multipliers deter-

mined from the 1994 and 1995 calibrations, years in

which the character of the spring thaw differed apprecia-

bly. Yearly infiltration rates at the 17 boreholes and

detailed topographic contour maps were used to estimate

spatially variable distributions of infiltration at the SDA,

both temporally constant and temporally variable. The

spatial average of 8.5 cm/yr was larger than the average

winter precipitation of 6 cm, which Martian (1995) attrib-

uted to the drifting of snow at the SDA. In spite of the

detail and thoroughness of the Martian (1995) study, sig-

nificant uncertainty remains concerning infiltration at the

SDA. This uncertainty arises because (1) only 2 of the 17

neutron probe access boreholes used in the calibration

were located in the disturbed soils in the waste emplace-

ment trenches (the other 15 boreholes were in the undis-

turbed soils between the trenches), (2) the amounts of

water that infiltrated during floods in 1962, 1969, and

1982 is uncertain, and (3) only two years of data (1994-

95) were available to calibrate the infiltration model.

These uncertainties were acknowledged by Magnuson

and Sondrup (1998, p. 6-3).

Infiltration is assumed to be spatially and temporally

variable (Becker and others, 1998, p. 5-65). This assump-

tion is surely valid qualitatively, but like the issue of vari-

ability of subsurface properties discussed above, it is not

certain whether the quantification of variability incorpo-

rated into the model is adequate to make this treatment

conservative. A particular concern is whether infiltration

could be concentrated at certain locations over a smaller

spatial scale than covered by the grid used for this purpose

(Magnuson and Sondrup, 1998, p. 2-18).

62.3.2 Percolation

After water infiltrates, it moves in various ways

through the unsaturated zone, including vertical redistri-

bution, deep percolation, and lateral flow. All of these

have potentially significant effects on the transport of

COPC' s

Macropore flow, deflected or funneled flow, and

unstable flow may be important modes of subsurface

transport, as noted in chapter 2. For the most part, these

preferential-flow features are not treated explicitly in the

model. Two exceptions include (1) the incorporation of

areal variations in infiltration and volatile organic com-

pound (VOC) exchange with the aquifer, and (2) the

implicit inclusion of preferential flow in the effective

properties of the granular media as noted above in section

6.2.2. The treatment of areal variations in infiltration and

VOC exchange with the aquifer accounts for some of the

preferential flow, but at a much coarser spatial resolution

than that of the preferential flowpaths. To the extent that

the inverse modeling that was used to determine effective

properties is based on measured data that reflect the effect

of preferential flow, the resulting property values could

represent preferential flow in combination with non-pref-

erential flow. These two treatments can accommodate

some effects of preferential flow, but could be inadequate

for addressing issues such as travel times through the

unsaturated zone and the possibility that lateral flow is a

significant contaminant transport process.

As an example, the age-dating study of Busenberg

and others (1993) gives evidence for significant preferen-

tial transport of solutes. In this study, concentrations of

chlorofluorocarbons in the saturated zone that originated

during the previous 50 years were detected. Results of this

study reflect transport in both preferential and nonprefer-

ential pathways. Busenberg and others concluded that, at



the INEEL, "most ground waters have ages of 14 to 30
years." In comparison, the IRA model (Magnuson and
Sondrup, 1998, p. 3-34 to 3-38) predicts travel times at the
SDA of 23 to 216 years. The difference in travel times
indicates that preferential flow, not accounted for by the
model, could be significant. Magnuson and Sondrup
(1998, p. 3-38) noted that the limitations of model discret-
ization could be important in this sort of discrepancy.

6233 Lateral flow

The numerical simulator for flow in the unsaturated
and saturated zones at the SDA does not treat the effect of
water diverted into the spreading areas from the BLR
(Magnuson and Sondrup, 1998, p. 2-30). The spreading
areas are approximately 1,500 to 1,600 m west and south
of the SDA (fig. 6-22). These flood-control spreading
basins were constructed in 1958, enlarged in 1984, and
have been used intermittently since 1965 to regulate flow
in the BLR (Bennett, 1990). A record of flow diversions
into the spreading areas from January 1965 through Janu-
ary 2000 is shown in figure 6-23. Until recently, data have
been lacking to demonstrate convincingly a direct connec-
tion between operation of the spreading areas and ground-
water flow in the subsurface at the SDA. Some earlier
investigators have inferred this connection as a possibility
on the basis of limited unsaturated-zone, but substantial
saturated-zone, data.

Because of the proximity of the spreading areas to the
SDA and the large quantities of water that have been and
could be diverted into these spreading areas, the effect of
the spreading areas on flow and contaminant transport at
the SDA needs to be evaluated. The validity of the con-
ceptual model of flow and transport at the SDA will
remain in question until these effects are determined.

Although the effect of the spreading areas on flow
and transport at the SDA is not included in the IRA model,
infiltration and recharge from the spreading areas are cited
in the IRA as possible explanations, among others, to
account for (1) the inability of the model to simulate
perching at USGS 92 (implied in discussion of perched
water, Magnuson and Sondrup, 1998, p. 6-4), (2) lower
nitrate concentrations in perched water at US GS 92 (Mag-
nuson and Sondrup, 1998, p. 4-4), and (3) the presence of
carbon tetrachloride contamination in the SRP aquifer
north and east of the SDA (Magnuson and Sondrup, 1998,
p. 4-60).

Several earlier investigators hypothesized that water
from the spreading areas could affect flow in both the
unsaturated and saturated zones beneath the SDA. Barra-
clough and others (1976) proposed that recharge from
these off-channel diversions could result in the formation
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of a ground-water mound beneath the spreading areas,
which could cause local gradients in the aquifer to change
direction temporarily in response to the assimilation of the
recharge water into the regional aquifer. As depicted by
Barraclough and others (1976, p. 55), the subareal extent
of the mound and its effect on local gradients in the satu-
rated zone beneath the spreading areas (fig. 6-24) is appar-
ently large enough to cause ground water in the SRP aqui-
fer beneath the SDA to move in a north and east direction.
These gradient reversals could provide a mechanism to
explain the apparently incongruous presence of carbon
tetrachloride in the SRP aquifer in wells upgradient to the
north and east of the SDA (M14S, M7S, and M6S).

Pittman and others (1988) mapped the rise in water
levels that resulted from large volumes of water that were
diverted into the spreading areas between July 1981 and
July 1985 (fig. 6-23). During this four-year period, more
than 9.87x108 m3 of water was diverted from the BLR
into the spreading areas. These diversions resulted in a net
water-level rise of from 2.4 to 3 m beneath the spreading
areas and from 1.8 to 2.4 m beneath the SDA (fig. 6-25).
These differential head changes are much larger than local
head changes that define the regional flow gradient near
the SDA, and lend support to the ground-water mound
hypothesis of Barraclough and others (1976).

Rightmire and Lewis (1987b) presented stable iso-
tope data, 6180 (oxygen) and 62H (deuterium), to show
that perched water from USGS 92 could be derived,
partly, from lateral flow of water in the unsaturated zone
that infiltrates beneath the spreading areas. They hypoth-
esized that water infiltrating beneath the spreading areas
accumulates as a perched mound on the C-D interbed at a
depth of 73 m and moves laterally about 1,500 m to the
northeast beneath the SDA. Lateral migration of recharge
water could dilute contaminated water that has infiltrated
beneath the SDA. Dilution is one mechanism that could
account for the smaller nitrate concentrations of perched
water in well USGS 92.

Hubbel (1990) presented water-level records from
USGS 92 and 88-02D as additional evidence to suggest
that perched water-level recovery rates in USGS 92, and
to a lesser extent in 88-02D, correlate with the historical
record of inflows into the spreading areas.

The large diversions of water that occurred in the
early to mid-1980's coincided with an anomalous 23-m
rise in water levels in well USGS 88 (fig. 6-26). This mon-
itoring well is completed in the SRP aquifer and is located
midway between the spreading areas and the SDA (fig.
6-22). The water level in this well rose abruptly more than
23 m beginning in mid-1983 through late 1984 and did not
return to pre-rise levels until late 1991. The water level in
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this well has not risen comparably since the large spread-

ing area diversions of the early to mid-1980's. The water

level in this well peaked shortly after the record monthly

diversion of 6.14x107 m3 into the spreading areas in June

1984 (Bennett, 1990, p. 42). This rise is much greater than

the regional rise near the SDA (fig. 6-23) and probably

reflects filling of the well from spreading-area water that

moved laterally in the unsaturated zone above the aquifer.

The slow decline in water levels since the mid-1980's

suggests that aquifer permeability in this area is very

small.

To test some of these hypotheses, the USGS intro-

duced a polyaromatic tracer (1,5 naphthalene disulfonate)

into spreading areas A and B (fig. 6-22) in late June 1999

(Nimmo and others, 2002). The purpose of this experi-

ment was to determine if it is possible for spreading-area

water to move beneath the SDA. Monitoring results indi-

cated that it is possible for water from the spreading areas

to move laterally within the unsaturated zone beneath the

SDA in a relatively short period of time. Test results also

indicated that, at least locally, vertical movement of water

through the unsaturated zone to the water table beneath

the spreading areas is also rapid. The latter suggests that

there could be significant gaps in the interbeds beneath the

spreading areas or that, locally, the vertical permeability

of the interbeds could be very large. The locations of the

wells used to monitor tracer movement near the SDA are

shown in figure 6-22.

The tracer was introduced into spreading area A on

June 21, 1999, and into spreading area B on June 22 and

23, 1999 (fig. 6-22). This tracer was first detected in water

from well USGS 92 on September 20, 91 days after its

introduction into the spreading areas. This detection was

followed by additional detections on October 21 and

November 15, 1999. Analyses of two archived water sam-

ples from well USGS 92, dated March 30, 1999 and April

18, 1997, indicate that the tracer used in this experiment

was not present in the perched water in this well prior to

this test. The tracer was detected in SRP aquifer water in

well USGS 120 only 9 days after tracer introduction. The

tracer also was detected in perched water recovered from

the basalt immediately above the B-C interbed in well

USGS UZ98-2 (18 days after tracer introduction), in

perched water recovered from the B-C interbed in well

USGS UZ98-1 (65 days after tracer introduction), and in

five boreholes completed in the B-C interbed at the LSIT.

The LSIT boreholes were first sampled in December

1999, approximately 180 days after tracer introduction.

A critical assumption of the IRA model is that essen-
tially all flow beneath the SDA originates as infiltration

from local precipitation and runoff at the SDA. Within the

SDA, modeled infiltration fluxes are spatially variable

and range from 0.64 cm/yr to 24.1 cm/yr for a net infiltra-

tion rate of 8.5 cm/yr. The cumulative volume of modeled

infiltration at the SDA was approximately 34,300 m3/yr

(Magnuson and Sondrup, 1998, p. 2-19). Outside the

SDA, infiltration was assumed to be 1.0 cm/yr (Magnuson

and Sondrup, 1998, p. 2-19). Although the amount of lat-

eral flow in the unsaturated zone beneath the SDA from

the spreading areas cannot be quantified on the basis of

the tracer data, the magnitude of these potential fluxes

could be a significant component of total flow in the

unsaturated zone, and could be much larger than that

derived from local precipitation and snowmelt. If the

2.71x107 m3 of water that was diverted between May 30

and July 2, 1999 is the minimum diversion necessary to

initiate lateral flow in the unsaturated zone beneath the

SDA, then the spreading-area diversion record (fig 6-23)

indicates that many such lateral flow events have been ini-

tiated during the past 35 years.

The tracer results and other supporting information

make it difficult to ignore the possibility of spreading area

effects on contaminant transport beneath the SDA. Cali-

bration of the numerical model is based on matching sim-

ulations to (1) perched-water levels, (2) nitrate concentra-

tions in perched water and the aquifer, and (3) carbon

tetrachloride concentrations in the unsaturated zone,

which in turn are based on a conceptual model that is pre-

sumed to be dominated by vertical flow through the unsat-

urated zone. As demonstrated by the numerical simulator

for the IRA, infiltration rates at the SDA are not sufficient

to sustain lateral flow in the unsaturated zone on a scale

large enough to transport contaminants away from the

SDA. The present formulation of the IRA model guaran-

tees that all waterborne contaminants, whether dissolved

or in suspension as colloids or macromolecules, eventu-

ally will percolate through at least one of the sedimentary

interbeds beneath the SDA before reaching the aquifer;

therefore, the likelihood of these contaminants bypassing

the deeper C-D interbed is small, although the model for-

mulators recognize the distinct possibility that gaps could

exist in the C-D interbed beneath the SDA (Magnuson and

Sondrup, 1998, p. 6-2). The inability of the numerical

simulator to match perching conditions at well USGS 92,

the smaller nitrate concentrations in perched water at

USGS 92, and the presence of carbon tetrachloride in the

SRP aquifer north and east of the SDA, are all difficult to

reconcile with the current (1999) conceptualization and

numerical formulation of unsaturated and saturated flow

at the SDA.

The significance of spreading-area recharge on

model predictions of radionuclide concentrations cannot



be quantified at this time. The detection of the introduced
tracer in well USGS 92 represents a single, isolated sam-
pling point in an extremely heterogeneous and anisotropic
environment. Without additional evidence of lateral flow
from other locations, it is not possible at this time to deter-
mine the extent of lateral flow beneath the SDA. The
detection could be only an extreme example of channeled
flow. However, the possibility of widespread lateral flow
cannot be discounted given the tracer detections at the
LSIT site. Few deep wells are available to sample perched
water and contaminants immediately above the C-D inter-
bed. In the 1999 tracer study, only two wells were avail-
able to access water in the unsaturated zone below the B-
C interbed at the SDA. Samples of perched water were
collected from both wells, but the tracer was only detected
in water from well USGS 92.

Lateral flow in the unsaturated zone could facilitate
contaminant transport to the SRP aquifer by intercepting
waterborne contaminants that otherwise would percolate
into and be adsorbed by the underlying sedimentary inter-
beds; however, lateral movement, by itself, does not nec-
essarily imply a greater likelihood that waterborne con-
taminants will be transported to the aquifer. Dilution and
dispersal of waterborne contaminants over a large area
could provide greater opportunity for media sorption by
(1) reducing competition for sorption sites, (2) producing
changes in solution chemistry that are favorable for sorp-
tion, and (3) increasing the availability of sorption sites.
However, uncertainty about the lateral continuity, eleva-
tion, thickness, and hydrologic and geochemical proper-
ties of the interbeds, and uncertainty about the quantity of
underflow from the spreading areas, become limiting fac-
tors on modeling a flow system where lateral flow could
be a substantial component of the total flow.

624 Contaminant input and transport

6.2.4.1 Source term

The source-term and source-term release-rate model
were not evaluated by the review panel. The authors of the
numerical simulator and the IRA have expressed serious
reservations about the lack of a qualified calibration of the
source-term release-rate model (Becker and others, 1998).
The review team concurs that this is a major deficiency
that is at least as important as other issues related to the
formulation of the computational scheme to predict radi-
onuclide transport and needs to be resolved before com-
pletion of the Remediation Investigation and Feasibility
Study (RUFS). A brief discussion of the source term is
provided in section 2.5.1 of this report, and a review of the
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radionuclide sampling data at the SDA is provided in
chapter 3.

62.42 Solute transport

Solute transport is described in chapters 4 and 5 of
this report.

62.43 Colloid transport

Colloid transport is discussed in section 4.5 of this
report.

6.2.5 Saturated-zone flow

Flow within the aquifer and interaction between the
aquifer and other parts of the hydrologic system have rel-
atively modest effects on contaminant concentrations rel-
evant to risk assessment. Advective flow in the SRP aqui-
fer is affected partly by aquifer thickness and porosity of
the basalt flows (Ackerman, 1995). Travel time is a func-
tion of the product of thickness and porosity, and can
increase or decrease with changes in thickness or porosity.
As noted in section 6.2.2.5, travel time also can increase
locally in small-permeability regions, such as that down-
gradient from the SDA. To a first approximation, COPC
concentrations in the aquifer below the SDA could be
directly proportional to the travel time within the aquifer,
because greater travel times directly imply that in a given
time interval, less water is available for dilution of con-
taminants.

Water movement in the SRP aquifer is assumed to be
steady, and possible episodic effects of BLR diversions to
the spreading areas on flow within the unsaturated zone or
the aquifer near the SDA are not included in the IRA
model (Becker and others, 1998, p. 5-66). It is not known
whether this omission leads to negligible error in predic-
tions related to risk assessment, as noted by Magnuson
and Sondrup (1998, p. 6-4 to 6-5) and as discussed in sec-
tion 6.2.3.3 of this report.

Magnuson and Sondrup (1998) stated that simula-
tions of flow and contaminant transport at the SDA did not
consider possible local reversals in head gradients near
the SDA that could result from periodic recharge from the
spreading areas. However, Barraclough and others (1976)
suggested that these reversals could be significant through
time, and could produce periodic reversals in gradients
toward the northeast and east under the SDA. If these
reversals take place, they might have the additional effect
of dispersing wastes derived from the SDA, such as car-
bon tetrachloride and nitrates, toward the northeast.
According to Burgess and others (1994), concentrations
of carbon tetrachloride in the aquifer are largest in the area
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east of the SDA. Unless these wastes are from sources

upgradient of the SDA, their distributions might be better

explained in WAG-7 simulations by considering possible

head reversals related to transient recharge from the

spreading areas.

6.3 Review of the numerical simulator

The numerical simulator incorporates the assump-

tions and simplifications described in section 6.2, and

allows their quantitative application. Formulation of this

model was an extremely complex undertaking. This

review assesses the choices made in developing and cali-

brating the model and the utility of the model results.

63.1 Description of the numerical simulator

The numerical simulations described by Magnuson

and Sondrup (1998) were run with the TETRAD code.

TETRAD, originally developed as an oil and geothermal

reservoir simulator (Vinsome and Shook, 1993), uses

numerical techniques developed over several decades of

experience in reservoir simulation. The principal focus of

the INEEL TETRAD simulations was the fate and trans-

port of waste material buried at the SDA (Magnuson and

Sondrup, 1998). Additional focus was defined for other

phenomena, such as transport of organic constituents

introduced into the subsurface from waste buried at the

SDA.

TETRAD is capable of simulating the movement of

an arbitrary number of components, which may be distrib-

uted among the water, gas, and oil phases in either single-

or dual-porosity media. Its multiphase capabilities make it

usable for both saturated and unsaturated conditions. The

nonlinear component conservation equations are solved

iteratively, using widely used and generally accepted

numerical techniques. These numerical techniques

include: (1) Newton-Raphson iteration, (2) finite-differ-

encing techniques, (3) upstream weighting schemes of

various orders for the density, permeability, mole frac-

tion, and enthalpy terms to provide numerical stability, (4)
dispersion control techniques for reducing the effects of

numerical dispersion, and (5) various scaling and matrix

factorization methods to provide numerical stability and

flexibility in mesh design and refinement.

The modification of TETRAD to consider problems

of broader hydrologic application is described by Shook

(1995). The modifications included (1) the incorporation

of alternative fluid property packages that describe the
characteristics of fluids other than oil, gas and water (for
example, dense, nonaqueous-phase liquids), (2) the equi-

librium distribution of components between phases, (3)
alternative boundary conditions likely to exist in hydro-
logic problems, (4) phase-dependent, linear and nonlinear

adsorption models, (5) decay and ingrowth of mother and

daughter products from radioactive and other types of

first-order decay, and (6) phase-dependent dispersive

transport as a result of diffusion and mechanical disper-

sion, with the dispersion coefficient described by a tensor.

Direct testing of the TETRAD code was beyond the

scope of this review. In published test problems, the sim-

ulation results compared favorably with the results of ana-

lytical solutions for a radially symmetric geothermal

problem (Vinsome and Shook, 1993); and a two-dimen-

sional test problem involving density-driven flow with

advection, dispersion, adsorption, and decay (Shook,

1995). However, TETRAD does not have as long an

established history as some older hydrologic simulators

and does not yet have as broad a user base to expose its

limitations.

TETRAD has several known limitations. Magnuson

and Sondrup (1998, p. 5-19) expressed appropriate con-

cern regarding the use of a single convergence criterion

when simulating groups of contaminants that include par-

ent and daughter constituents at widely varying concen-

trations. Although TETRAD includes methods to control

numerical dispersion, these methods were not always

used. As explained by Magnuson and Sondrup (1998, p.

4-9), the actual dispersion in the model calibration was a

poorly characterized, inseparable mixture of numerical

and hydrodynamic dispersion. It is not clear to what extent

the extremely small simulated concentrations of contami-

nants in chapter 5, "Predictive transport simulations," and

elsewhere, could have been affected by numerical disper-

sion.

Particle-tracking methods that would avoid problems

of numerical dispersion associated with the advection-dis-

persion equation could be considered to supplement the

simulations done so far. These methods would better illus-

trate simulated flowpaths than contour plots of concentra-

tion or saturation values (for example Magnuson and Son-

drup, 1998, figs. 3-13 and 3-14).

Much research has been published on the applicabil-

ity of the advection-dispersion equation with a constant

dispersivity value for describing field-scale transport (for

example, Neuman (1990), Gelhar and others (1992), and

references listed therein). There seems to be a consensus

that dispersivity increases with scale. As indicated by the

voluminous body of recent work, this is an active area of

research. The simulations of contaminant transport at the

INEEL would not be expected to solve problems that have

engaged the hydrologic profession for decades; however,
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Table 6-5. Characteristics of TETRAD discretization (model grid shown in fig. 6-1)

PLAN, OR HORIZONTAL, GRID

Resolution
level

Southwest corner location

Easting (x) Northing (y)

Cell dimensions (m)

6,x Ay

Number of
columns

Number of
rows

0 76,270 197,875 1,000 1,000 9 9

1 80,270 202,875 250 250 12 8

2 80,520 203,375 125 125 12 8

3 80,645 203,625 62.5 62.5 20 10

the major findings and hypotheses that have grown out of
this earlier work provide a context for the interpretation of
simulated contaminant transport at the SDA.

Initial conditions, boundary conditions, time steps,
and convergence criteria used in the TETRAD modeling
were not evaluated as a part of this review.

63.1.1 Diseretiz' ation and grid refinement

Although the fate and transport processes the model
simulates may be continuous, the TETRAD code requires
information to represent the model domain as horizontal
and vertical grids of discrete cells. The smallest cells
defined in the discretization are 62.5 by 62.5 by 0.5 m and
have a volume of 1,953 m3. These cells represent the fin-
est resolution simulated within the model domain.

If the entire model domain were simulated at this fin-
est resolution, then considerably more cells than the TET-
RAD code can address would be required. In addition,
because current modeling philosophy often recognizes
that relatively fine resolution is not necessary throughout
the entire model domain, various levels of resolution often
are used. Consequently, different levels of resolution were
used in the discretization of the model domain and the fin-
est levels of resolution were focused on the SDA.

There are four levels of resolution in the plan discret-
ization; they are referred to as levels 0, 1, 2, and 3 and pro-
ceed from coarse to fine. Table 6-5 defines each level and
its characteristics. Level 3 consists of cells that have a
plan dimension of 62.5 by 62.5 m and is roughly centered
about the SDA (fig. 6-1).

The vertical grid is structured to use the finest levels
of resolution for certain horizons (surficial sediments and

three interbeds) in the vertical cross section. The vertical
discretization is less systematic than the plan discretiza-
tion. Briefly, it provides 0.5- to 2-m resolution to a depth
of 14 m, 2 to 4 m resolution to a depth of 80 m, and 7 to
18 m resolution to a depth of 251 m.

6.32 Model calibration

The numerical IRA model was calibrated in a series
of steps, each of which considered different hydrologic
and geochemical data sets. Many of these steps involved
some form of inverse modeling (section. 6.2.2.1). These
steps are intended to follow generally accepted guidelines
for numerical model calibration, which were summarized
for example by Hill (1998, p. 34-39). The data used in the
calibration, the estimated properties, and the potential
concerns associated with individual steps in the calibra-
tion process are listed in table 6-6. In the calibration pro-
cess described by Magnuson and Sondrup (1998, chapters
3 and 4), few parameter values or other features of the
model were altered from their initially chosen specifica-
tions. Some general comments about the IRA model cali-
bration are appropriate:

(1) The data sets varied considerably in quality and
quantity, from the fairly comprehensive, high-quality data
set for CC14 used to calibrate the gas-phase transport prop-
erties to the limited data set for perched water that was
used to help determine unsaturated-zone hydrologic prop-
erties. A related concern is the uncertainty of data for
background concentrations of contaminants moving
beneath the SDA from upgradient locations, including
those used in the calibration.
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Table 6-6. Summary and review of IRA model calibration steps, target data, and estimated properties used by Magnuson and Sondrup

(1998, chapters 3 and 4)

[SDA, Subsurface Disposal Area; WAG, Waste Area Group; USGS, United States Geological Survey]

Calibration step Target data
Estimated properties of

subsurface
Comments

Adjust flow and
transport properties of

basalts in unsaturated
zone

Transient perched-water

data for SDA subsurface

Horizontal and vertical
permeability; fracture
porosity; longitudinal
dispersivity

Poor quality and quantity of perched

water data; poor match of model to
perched-water data

Estimate flow
properties of basalts in
saturated zone

WAG-10 model results;

pump-test data;
potentiometric-surface

data

Horizontal permeability

Selective use of hydraulic head data;

limited hydraulic head data to define
boundary conditions; neglect of
possible effects of spreading areas;

determination only of ratios of
permeabilities from different units

Introduce hypothetical

low-permeability clay

layers

Transient perched-water

data for SDA subsurface
New layers, with clay-like

properties, above interbeds

Poor quality and quantity of perched

water data; poor match of model to

perched water data; perching
phenomenon is not well understood

and thus may be unsuitable for use

in calibration

Predict transport
properties of
nonreactive, dissolved

species

Nitrate concentrations in
aquifer

Liquid-phase tortuosity (for

diffusion); longitudinal and

transverse dispersivity

Few nitrate data available for

unsaturated zone beneath the SDA;
uncertainty of nitrate source term at

the SDA; uncertainty of background

concentration of nitrate arriving

from upgradient sources; poor match

of nitrate data at USGS wells

Predict transport
properties of
contaminants that
move in both gas and

liquid phase

Carbon tetrachloride
(CC14) concentrations in

soil gas and vapor-

extraction wells; dissolved

carbon tetrachloride in
perched water and ground

water

Gas-phase tortuosity (for

diffusion); matrix porosity of

basalts; distribution
coefficient for carbon
tetrachloride

Source-term uncertainty;
complicated factors affecting gas

transport; limited perched-water
data; carbon tetrachloride sources

upgradient of the SDA; poor

agreement between theoretical and

calibrated values of gas-phase

tortuosity for some geologic units;

inconsistency of allowing for gas but

not liquid diffusion into the matrix

Predict transport of
contaminants of
potential concern

Measured concentrations
of contaminants in aquifer

Distribution coefficients;

specific-surface areas and
apertures of fractures in
basalts

Source-term uncertainty; use of
nondetections in calibration



(2) As noted by Magnuson and Sondrup (1998) and
discussed above in section 6.2.2.1, the results of the model
calibration could be nonunique in that more than one com-
bination of parameters and boundary conditions could
produce comparable matches of the model results to the
measured data. Magnuson and Sondrup (1998, p. 6-6)
acknowledged "...the inherent non-uniqueness of almost
any hydrogeological inverse model."

(3) An underemphasized aspect of the model calibra-
tion presented by Magnuson and Sondrup (1998) is the
potential effect that their selected assumptions and simpli-
fications for flow and contaminant transport could have
on the estimated properties. For example, the infiltration
of BLR diversions in the spreading areas southwest of the
SDA could have contributed to perched water above the
C-D interbed beneath the SDA and caused temporary
reversals in head gradients within the aquifer (Magnuson
and Sondrup, 1998, p. 6-4 to 6-5), but this was not consid-
ered in the calibration. The neglect of the potential effect
of pumping from the SDA production well upgradient
from the SDA probably also has affected the estimated
properties. Several contaminants detected in the aquifer
that could have originated from the SDA could have
migrated upgradient from the SDA. The ability of the
model to approximately produce results similar to the
measured data at these upgradient wells could be related
more to numerical dispersion in the transport solution
than to a realistic representation of actual processes. Sim-
ilarly, the conceptualization of the hydrologic system and
how best to represent it (for example, the representation of
the basalts as equivalent to a homogeneous, anisotropic,
porous-medium without matrix diffusion versus a hetero-
geneous, anisotropic, dual-porosity continuum with
matrix diffusion) ultimately determine the choice of prop-
erties to be estimated in calibration and the final values.
Even a decision as fundamental as the representation of
the hydrologic system as a continuum dictates the choice
of properties to be optimized and determines the degree to
which isolated detections of various contaminants can be
considered in the calibration or predicted by the model.

(4) Because no quantitative objective function was
defined for evaluating the goodness of the calibration, the
evaluation is more subjective than if such a function had
been defined and used. At various steps in the calibration,
the model was judged to adequately match the data,
although it was not obvious that it had done so. In partic-
ular, the calibrated model results do not adequately match
much of the measured data for perched water in the unsat-
urated zone (Magnuson and Sondrup, 1998, figs. 3-23 to
3-26) or nitrate concentrations in the aquifer (figs. 4-19 to
4-22). However, these discrepancies could be unimpor-
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tant if other model features, such as the source term, have
overriding importance.

(5) Another problem with the lack of a quantitative
objective function is that, although sensitivity studies
were conducted, no formal methodology was used to
quantify sensitivity or uncertainty in the model properties
or to assess the propagation of uncertainty in the proper-
ties to determine their net effect on the fate of the contam-
inants. It is highly desirable to evaluate these uncertainties
quantitatively, so that the importance of particular proper-
ties would be more apparent.

(6) As noted by Magnuson and Sondrup (1998, p. 6-
2), the transport of VOC' s and dissolved contaminants
were most sensitive to their respective source terms rather
than to hydrogeologic processes. The source terms are
themselves uncertain and sensitive to assumptions con-
cerning inventory volumes, drum failure rates, and release
rates.

63.2.1. Calibration for unsaturated-zone hydraulics

The review panel has serious concerns about the cal-
ibration step for unsaturated-zone flow. One is the poor
match of the model to the target data, as noted in comment
(4) above. Another concern is that the assumed existence
of low-permeability clay layers at the top of the B-C and
C-D sedimentary interbeds is not fully supported by field
data. Other, possibly less serious concerns are the poor
quality and limited quantity of data for perched water
beneath the SDA, the fact that the much larger amounts of
water contained in the saturated-zone part of the SDA
model could have masked mass-balance errors in the
unsaturated-zone part of the model, and that the use of a
radially symmetric equivalent porous-media model is
supported only by a selective use of LSIT data.

6.3.2.1.1 Perched water

Calibration of the unsaturated-zone flow component
of the model is based almost exclusively on matching
flow simulations to short-term observations of perched
water. Magnuson and Sondrup (1998, p. 3-11) used
perched-water data for four locations above the B-C inter-
bed and four locations above the C-D interbed to calibrate
the unsaturated-zone flow component. For the most part,
these data are rather poor. To simulate perching, two
adjustments in the input were made: (1) A 1-mD clay
layer with a porosity of 0.05 was assigned to the tops of
the B-C and C-D interbeds, and (2) the horizontal perme-
ability of the basalts was decreased from 90,000 to 9,000
mD. The clay layer was justified on the basis that (1) "...at
some locations, a clay layer is encountered at the top of
the sedimentary interbeds," and (2) "...a reduced zone of
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permeability at the top of the interbeds also could be con-

sidered to result from sediment infilling of fractures

immediately above the interbed" (Magnuson and Son-

drup, 1998, p. 3-7). These two adjustments were made

assuming that all flow through the unsaturated zone

beneath the SDA derives from local surface infiltration

near the SDA.

Data to characterize perching are limited, and mech-

anisms that cause perching are poorly understood.

Perched water and areas of large moisture content in the

subsurface are present in just about every geologic setting

beneath the SDA. No consistent pattern has emerged to

predict where perching will or will not occur. Most obser-

vations indicate that perching occurs in the basalts at some

locations that are not in direct contact with an underlying

sedimentary interbed. Perching is most likely a manifesta-

tion of preferential flow in the basalts. Except at the con-

tact of the basalts with the small permeability clay layer,

the current formulation of the numerical simulator largely

precludes any realistic simulation of lateral flow in the

basalts. Lateral flow in the basalts and large fluxes in the

unsaturated zone, derived from a combination of vertical

infiltration within the SDA and a component of lateral

flow from outside the SDA (section 6.2.3.3), could be

necessary prerequisites for most perched water at the

SDA.

Although perched water is important, its significance

as an integrator of flow and contaminant transport pro-

cesses in the unsaturated zone could be overemphasized.

Instead of being a dominant and widespread phenomenon,

perched water could exist primarily in isolation, where

water accumulates locally into dead storage. In that case

most flow in the unsaturated zone could move rapidly

through the basalts and into the underlying sedimentary

interbeds. Moisture distribution within the sedimentary

interbeds, particularly the small permeability silty-loam

units, could offer a much more realistic means of calibrat-

ing the unsaturated-zone flow component of the numeri-

cal simulator. To do this, knowledge of the moisture dis-

tribution within the interbeds and a much better definition

of the hydrologic properties of the interbeds are needed.

Use of interbed characteristics for this kind of calibration

has not yet been seriously tried, most probably because

the data are not available to do so.

The use of a small permeability clay layer to simulate

perching may not be conservative. The assumption of a

small permeability clay layer in the model forces lateral

flow above the interbeds and thus distributes waterborne

contaminants over a much larger area than might actually

occur in the field. The net effect of this assumption is to
provide greater opportunity for waterborne contaminants

to come into contact with a much larger volume of con-
taminant-sorbing media and thus to minimize the undes-
ireable effect that competition for sorption sites would

have on contaminant transport.

6.3.2.1.2 Travel time

Unsaturated-zone travel times from the ground sur-

face to the SRP aquifer were determined in a post-audit

assessment of the calibration of the unsaturated-zone flow

component of the numerical simulator. Travel time esti-

mates were not used to calibrate the numerical simulator,

but rather to determine how well simulated travel times

compare with other estimates based on different calcula-

tions to estimate travel time (Bums and others, 1994-50

years; and Maheras and others, 1994-20 to 70 years).

These other estimates were based on assumptions of con-

stant infiltration rate, instantaneous travel time through

the fractured basalts, average thicknesses for the sedimen-

tary interbeds, and gravity drainage under an assumed unit

hydraulic gradient.

Travel times were simulated by applying an incre-

mental pulse of water for a simulation period of 1,000

days beginning in 1952. This incremental pulse was

superimposed on the spatially variable infiltration rates

used in the original calibration of the numerical simulator.

Arrival times were determined by tracking the time when

the peak concentration of this pulse arrived at the top of

the SRP aquifer. The results indicate that travel times

inside the SDA range from 23 to 216 years. Except for the

216-year travel time inside the SDA, the simulated travel

times were not judged to differ significantly from previ-

ous estimates; however, this is debatable. As discussed in

section 6.2.3.2, evidence from the age-dating study of

Busenberg and others (1993), in which concentrations of

chlorofluorocarbons originating in the atmosphere within

the last 50 years were detected in ground water indicated

that at the INEEL the young fraction of "...most ground

waters have ages of 14 to 30 years." The review team

believes that these estimates differ significantly from

those simulated in the IRA model.

Travel times to the SRP aquifer are sensitive to (1)

the presence or absence of sedimentary interbeds, (2) the

choice of properties, particularly the unsaturated hydrau-

lic conductivity relations, used to represent the interbeds,

(3) temporal and spatial variations in infiltration rates at

the ground surface, (4) thickness of the interbeds, (5) rep-

resentation of the interbeds as minimally conductive,

homogeneous, isotropic units (section 6.2.2.4), and (6) the

use of the small permeability clay layers to simulate

perching. The much longer simulated travel times, when

compared with other evidence, indicates that preferential



flow not accounted for by the model could be significant.
These longer travel times also are consistent with the
observation presented in section 6.3.2.1.1 that the
assumption of the small permeability clay layers may not
be conservative. The net effect of this assumption is the
greater opportunity for waterborne contaminants to come
into contact with a much larger volume of contaminant
sorbing media, which could be what is reflected in the
longer simulated travel times.

632.2. Calibration for saturated-zone hydraulics

After testing four scenarios for flow in the saturated
zone at the SDA, Magnuson and Sondrup (1998, p. 3-1 to
3-6) chose the Case 4 scenario for the final simulation
runs. This scenario used four permeability regions devel-
oped from data for 16 wells at the SDA and results from
WAG-3 simulations (Rodriguez and others, 1997). Inter-
polated October 1994 hydraulic heads for an area from the
Idaho Nuclear Technology and Engineering Center
(INTEC) to Big Southern Butte (fig. 1) were used for
boundaries of the SDA model domain. Simulated heads
from Case 4 were calibrated to these interpolated heads
and measured heads from 16 wells within the model
domain. Two hydrostratigraphic units were assigned to
the model: (1) undifferentiated basalt and sediment repre-
senting the upper part of the aquifer, and (2) basalt-flow
group I, a thick basalt unit having small permeability
where it has been measured at the INTEC, representing
the lower part (section 6.2.2.5). An aquifer thickness of
about 76 m was used for Case 4 simulations. Possible
effects of discharges from the BLR to the spreading areas
on flow within the aquifer (Barraclough and others, 1976)
were not considered in the model (Magnuson and Son-
drup, 1998).

All basalt flows in the saturated zone initially were
assigned permeabilities from WAG-10 model results for
Case 1 simulations. These permeabilities were adjusted
into four regions for Case 4 simulations (Magnuson and
Sondrup, 1998) as described in section 6.2.2.5. Model
grids representing the upper part of the aquifer were
divided into three permeability regions, a northern region
having a permeability of 16,300 mD, a central region hav-
ing a permeability of 153 mD, and a southern region hav-
ing a permeability of 1,200,000 mD. On the basis of
WAG-3 model results, grids representing the lower part of
the aquifer were assigned a uniform permeability of
85,000 mD. This permeability region represents the
inferred presence of basalt-flow group I, which tentatively
was correlated from cores at the INTEC to four deep wells
at the SDA on the basis of natural-gamma and lithologic
logs (Anderson and Bartholomay, 1995). The permeabil-
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ity region representing flow group I is the only one of the
four regions that is not based on direct measurements at
the SDA. Because the presence of this flow group cannot
be verified by cores from the SDA, and also because the
likelihood that, if present, flow group I represents a rubbly
and permeable distal facies of near-vent, ponded flows at
the INTEC, the justification for this permeability region is
tenuous. The approximate range of hydraulic conductivity
of these four permeability regions is within the range of
values estimated from more than 100 aquifer tests at the
INEEL (Anderson and others, 1999).

Use of interpolated October 1994 hydraulic heads for
model boundaries and calibration could impart some
uncertainty and bias to simulation results for the SDA.
According to Magnuson and Sondrup (1998), October
1994 heads were used for the WAG-7 model because ini-
tial attempts to use the WAG-10 model boundary heads
did not produce an adequate representation of water
movement in the aquifer for the local-scale SDA model-
ing domain. Although the subsequent use of interpolated
October heads improved this representation, accountabil-
ity for the mass flux of water moving through the aquifer
near the SDA was lost. In addition, the accuracy of any
synoptic water-level map is only as good as that allowed
by the number and spacing of wells available for interpre-
tations. Although the number and spacing of wells avail-
able for this purpose is adequate at and near the SDA, it is
less than desirable for outlying areas, which are critical for
accurate representations of head distributions. It is desir-
able, therefore, to consider all available wells in interpre-
tations. For example, USGS 13, a well southwest of the
SDA that is measured only during the spring of each year,
was not represented in the interpolated October 1994
heads. Use of the data for well USGS 13 significantly
changes the interpolated head distribution near the Radio-
active Waste Management Complex (RWMC), as shown
by Bartholomay and others (1997, fig. 9).

63.2.3 Calibration for contaminanttransport

6.3.2.3.1 Nitrate

Longitudinal and transverse dispersivity (VL and VT),
which affect the movement of nonreactive species dis-
solved in the aqueous phase, were determined by using
inverse modeling to match historical aquifer nitrate con-
centrations. Concerns with this step of the calibration pro-
cess include (1) the very limited availability of nitrate data
for the unsaturated zone beneath the SDA to constrain the
calibration, (2) considerable uncertainty in the source
term for nitrate at the SDA, (3) considerable uncertainty
in the background concentration of nitrate in the ground
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water because of potential nitrate sources upgradient from

the SDA, (4) the poor match of the model results with

measured nitrate concentrations in water from wells

USGS 88 and 89, (5) the inability to distinguish the effects

of dispersivity from those of the source-term release

(release rate for nitrate from the source varied slowly over

time), and (6) the possible augmentation, to an unknown

extent, of the hydrodynamic dispersion terms by numeri-

cal dispersion in the model. These concerns are discussed

in greater detail below.

Measured nitrate concentrations in the aquifer in

excess of background values were presumed to reach the

aquifer as a result of advection and dispersion from the

SDA (Magnuson and Sondrup, 1998, p. 4-5). The quality

of the nitrate data set is poor. The measured nitrate con-

centrations were consistently more than 50 percent larger

than the selected background concentration in water from

only three of eight aquifer wells, none of which are

directly below the SDA, and only one significant concen-

tration of nitrate in perched water in the unsaturated zone

was reported. Although it is possible, and sometimes pref-

erable, to use concentration data to refine model parame-

ters for the flow properties that determine advection

velocities, this was not done in this part of the calibration.

Instead, velocities were calculated from the flow model

calibrated to head data and the nitrate concentrations were

used only to obtain estimates of the longitudinal and trans-

verse dispersivities. This is probably the most reasonable

approach given the quality of the nitrate data. The calibra-

tion process was to vary the VL and VT values to match

historical nitrate data for four wells (Magnuson and Son-

drup, 1998, fig. 4-12) and then to compare the results with

those from simulations that used the same parameters to

match four USGS wells (Magnuson and Sondrup, 1998,

fig. 4-13). Sensitivity analyses resulted in two significant

findings. First, of the four data sets used for calibration,

those for M3S, an upgradient well, and M4D, a deeper

downgradient well, were completely insensitive to the

selected parameters and measured and simulated concen-

trations were equal to background concentrations.

Because a wide range of parameters reproduce the mea-

sured data, these two data sets do not contribute signifi-

cantly to the calibration. The second significant finding

resulting from the sensitivity analyses relates to the limi-

tations of the applicability of concentration data obtained

from wells M1SA, M3S, and M1OS for the purpose of

model calibration. These three wells are completed near

the top 25 m of the saturated zone (Magnuson and Son-

drup, 1998, fig. 4-6). Any sampling of these wells could

withdraw water over the entire vertical extent of the com-

pleted interval. If there was a vertical concentration gradi-

ent over the completed interval, this sampling would

cause mixing of high and low concentrations in the well
bore. This mixing cannot be distinguished from hydrody-
namic dispersion. In fact, the zone of completion corre-

sponds closely to a zone where large concentration gradi-
ents are simulated for the case of small values of VL and

VT (Magnuson and Sondrup, 1998, fig. 4-16). These aqui-

fer data could be suited only for estimating an upper
bound of the dispersivities. The steep simulated gradients

at a depth of 200 m also highlight a problem with the sim-

ulation approach. The selected background concentration
of 700 1..tg/L apparently was added after the simulations

were completed, and not included in initial and boundary
conditions for the simulations (Magnuson and Sondrup,

1998, figs. 4-7 to 4-11 and 4-15 to 4-18 show simulated

nitrate concentrations as small as 1 ug/L). Since disper-

sion is most sensitive to concentration gradients, it is
important to include background concentrations in the

simulations because inclusion would flatten the gradient,
reduce the dispersive flux, and probably increase the dis-

persivity values required to match the data.

A second limitation of the nitrate data set is the very

limited amount of nitrate data for perched water in the

unsaturated zone. Magnuson and Sondrop (1998, p. 4-5)

noted that only one nitrate concentration, 925 µg/L, was

reported for the perched water from well USGS 92. Sim-

ulated nitrate concentrations for water from USGS 92

were not reported. Magnuson and Sondrup (1998, p. 4-4)

acknowledged that the concentration at USGS 92 could

have been affected by infiltration from the spreading

areas, which have an unknown nitrate concentration. This

represents a gap in the data, as acknowledged by Magnu-

son and Sondrup, but again also raises concerns about the

conceptual model because the water level in USGS 92

cannot be reproduced and the nitrate concentrations at

USGS 92 are suspected to be affected by dilution.

It would be highly desirable to obtain a more com-

plete nitrate data set for wells completed in the perched

zones and in the aquifer, both within and outside the SDA.

These data could improve the calibration of the flow and

transport models.

6.3.2.3.2 Carbon tetrachloride

A second class of contaminants that were considered

in the calibration are those that are transported in both the

liquid and gas phases. Because the transport parameters

affecting only aqueous-phase transport already were con-

sidered in the calibration step involving the nitrate data,

the parameters calibrated during this step were restricted

to those affecting gas-phase transport. These parameters

were gas-phase tortuosity in the unsaturated zone (I g) and



effective matrix porosity (nom,). Gas-phase tortuosity
affects the diffusion of gas in the unsaturated zone and
matrix porosity of the basalts provides additional storage
for the gas-phase species and thereby slows their trans-
port. To account for matrix diffusion, a dual-porosity
model, which permits gas-phase species to diffuse into the
matrix, was used in this calibration step; however, the
dual-porosity model apparently was not used for simula-
tions of radionuclide transport (Magnuson and Sondrup,
1998, p. 5-71). Dissolved aqueous-phase species were
assumed not to diffuse into the matrix, even in the aquifer.

The general transport behavior of VOC' s was charac-
terized by using a relatively extensive data set for gas-
phase CC14 in soil gas and gas-extraction wells and mea-
sured aqueous-phase CC14 in perched water and water
from the aquifer. This step of the calibration was rela-
tively successful despite many complicating factors
affecting the transport of CC14, including (1) air injection
during drilling of the observation and extraction wells, (2)
barometric pressure changes at the ground surface, and (3)
pumping of gas-extraction wells. These processes were
treated in a detailed and comprehensive manner in the cal-
ibration. Some of the concerns related to this step of the
modeling are similar to those related to the previous cali-
bration step: (1) the considerable source-term uncertainty
for CC14 makes it difficult to uniquely identify the trans-
port parameters, (2) the detection of CCI4 in wells upgra-
dient from the SDA implies temporary reversals in the
hydraulic gradient due to the infiltration of water from the
spreading areas or pumping from the SDA production
well, or upgradient sources of CC14—factors not consid-
ered by the model, (3) data for CC14 in perched water is
limited, (4) for some hydrogeologic units, discrepancies
between the initial values for Ig, estimated theoretically
from the Magnuson and Sondrop model, and the final cal-
ibrated values are sufficiently large as to cast doubt about
the realism of the model, and (5) time-averaged profiles of
CC14 in the unsaturated zone that covered a relatively
transient period of CC14 transport were compared with
model results.

6.3.2.3.3 Detected contaminants of potential concern

The final step of the calibration process assessed the
predictive capabilities of the calibrated model by compar-
ing predicted concentrations of 52 COPC's with measured
concentrations in the aquifer. This step required the use of
contaminant-specific Ids either measured for the materi-
als from the site or reported in previous studies for com-
parable geologic materials (chapter 5). A concern with
this step is that estimates of the specific-surface areas of
fractures and of fracture apertures were required to adjust
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the values of the Kds to account for only partial exposure
of the contaminant-bearing water to sorptive materials in
parts of the model representing fractured basalts. There-
fore, this step also assessed some previously uncalibrated
transport parameters. Although the effects of source-term
uncertainty were not examined in this step, the required
modification of the initial source terms assumed in previ-
ous calibration steps suggests that source-term uncer-
tainty for the remainder of the 52 COPC's is an unre-
solved issue. Alternative source terms could be expected
to result in substantial differences in the simulated con-
taminant concentrations reported by Magnuson and Son-
drup (1998). A second concern associated with this step of
the calibration process is the use of nondetections and
sporadic data to evaluate the predictive transport results.
Data for a specific COPC were considered sporadic if the
ratio of the total number of detections of that COPC to the
number of wells in which the COPC was detected was five
or greater (Magnuson and Sondrup, 1998, p. 5-44), that is,
if most of the detections of that COPC were made in rela-
tively few wells. If the model failed to predict the sporadic
occurrences of specific COPC's, this failure was not con-
sidered a limitation of the model; rather, the fact that the
model had predicted the limited transport implied by the
nondetections for water from the majority of the wells was
emphasized. The sporadic data could indicate, however,
that preferential transport through relatively isolated path-
ways in the fractured basalts, which the model is unable to
predict, is the predominant mode of transport.

In one instance (Becker and others, 1998, table 5-24),
the simulated concentrations for 241Am, 238pu, and

239'
240PU were compared with measured concentrations in

the B-C interbed. The simulated and measured concentra-
tions of 241Am agreed within an order of magnitude
whereas the simulated concentrations for Pu were two to
three orders of magnitude too small. These small concen-
trations were attributed to geochemical processes such as
colloidal transport or geochemical perturbations.
Although these processes could be operating, it is also
possible that the continuum approach is not capable of
reproducing preferential flowpaths leading to possible
contamination. Another concern about these comparisons
is that although some uncertainty is given for the mea-
sured concentrations, none is given for the simulated con-
centrations. At the small concentrations considered, even
numerical truncation and rounding could be significant
and should be addressed.
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6.4 Model utilization

6.4.1 Sensitivity analyses

Uncertainty is inherent in subsurface flow and trans-

port models. This is because it is impossible to fully char-

acterize the hydrogeologic and geochemical variables that

control the flow of water and transport of dissolved, reac-

tive solutes. It is critical, therefore, that some level of

uncertainty be associated with model results. Four differ-

ent types of uncertainty can be identified: (1) uncertainty

in the conceptual model, (2) uncertainty in the calibration

parameters, (3) uncertainty in other input parameters not

adjusted in calibration, and (4) numerical uncertainty.

Sensitivity analyses are a sound and practical approach

for addressing these four types of uncertainties and can

yield two significant results. First, they can help demon-

strate which processes most strongly affect transport of

radionuclides, and knowledge of these processes leads to

a greater intuitive understanding of the overall system.

Second, they can establish some confidence levels (per-

haps quantitative and formal) about the model predic-

tions.

This section considers only the sensitivity studies

conducted by Magnuson and Sondrup (1998). In most

instances sensitivity analyses were conducted for the

model calibration parameters only. Sensitivity analyses

for evaluating the conceptual model, the uncertainty asso-

ciated with other input parameters, and uncertainty asso-

ciated with numerical issues are discussed in the next sec-

tion. Becker and others (1998, p. 7-6) noted that the IRA

is not conservative in all respects, and that sensitivity

analysis would give a more precise description of the

degree of conservatism.

6.4.2 Predictions

Confidence in model predictions requires a strong

confidence in the adequacy of the model and also in the

assumed continuation of phenomena and trends, even

though they depend on factors not represented in the exist-

ing record. A quantitative, time-specific prediction is

basically an extrapolation, over time, of the modeled phe-

nomena. However, the specific, quantitative concentra-

tion of a COPC at a particular location at a specific time,

such as 100 years into the future, cannot be known with

confidence because (1) some of the processes that govern

its transport are not understood, and (2) the calibration tar-

get data that could account indirectly for such processes

are too limited in both quality and duration. Model predic-

tions are most useful in a comparative sense in exploring

sensitivities to particular site features and management

options.

A major assumption is that hydrological and meteo-

rological conditions of the last few decades are adequately

representative of the future. Another is that infiltration

patterns at the SDA will not change in the future (Becker

and others, 1998, p. 5-65). Assumptions like these are

widely used in predictive modeling, but they are not likely

to be realistic or conservative. The IRA model is based on

data that typically extend back about 50 years or less.

Notable exceptions include the 2 years of measured

water-content profiles on which the infiltration compo-

nent of the model is based. Using this 50-year data base to

predict 5 years into the future would require extrapolation

that exceeds the available data base by 10 percent. To pre-

dict extrapolation over the 100-year period of institutional

control, twice the approximate length of the record, is

much more demanding. An obvious variable is the possi-

bility of severe climatic or geological changes. Even in the

absence of such changes (which are unlikely over a 100-

year period to cause major deviations outside the range of

normal short-term variability), there is the problem that

the last 50 years have not experienced the full range of

likely meteorological or hydrologic events. For example,

1,000-year floods are not represented in the available data

set, but there is a 10-percent chance that one will occur

during the next 100 years. Thus, the 100-year period goes

well beyond the range of available information, and

extrapolation is subject to considerable uncertainty

because of factors not accounted for in model develop-

ment or calibration.

Although the source term includes temporal varia-

tions owing to factors such as drum failure rates, a second

implicit assumption in the long-term predictions is that

the geochemical conditions at the source remain constant.

The current conditions at the source could be somewhat

reducing because of the disposal of trash, cardboard, and

metal drums. If the immediate source area is reducing,

then the source term could currently be limited by the low

solubility of radionuclides in the reduced forms. For

example, Pu(III), Pu(IV), and U(IV) are generally recog-

nized as being generally insoluble. If the geochemical

conditions at the source become more oxidizing over time

as the degradable organic carbon is exhausted, these

reduced radionuclides could become oxidized and rela-

tively mobile. In such a scenario, the source term could

become stronger with time because of changes in valence

state, even though the drum failure rate decreases. Tem-

poral changes in the source term also could occur because

of changes in pH and P„2 as the organic substrates in the

wastes are exhausted or because of climatic changes. In



summary, the many possible changes that could occur at
the source over time should be included in a complete sen-
sitivity analysis.

Uncertainties in the predictions also arise because the
adopted conceptual model does not represent the actual
field conditions. Sensitivity analyses need to be con-
ducted to examine the effect of the assumed hydrologic
environment on the simulated future concentrations. Sim-
ulations could be done to examine the significance of the
layering, recharge from the spreading basins, variations in
interbed properties, and various other factors that can con-
tribute to preferential flow. Preferential flow is a crucial
influence that currently (1999) is poorly understood in
terms of how to predict when it will occur and with what
quantitative effect. Layering is not adequately represented
in the model, given its importance as a possible impedi-
ment to flow, or generator of lateral flow, or configuration
for preferential flow by funneling and unstable flow pro-
cesses. It has been suggested that the continuum approach
selected cannot account for flow features such as funnel-
ing.

Section 5.7 notes that the Kd values generally are
expected to be highly uncertain for several reasons,
including variations in solution composition and lack of
site specific data. The impact of this uncertainty has not
been considered adequately.

6.5 Summary

The IRA numerical model as implemented with the
TETRAD code is a basically sound application of the cur-
rent available scientific understanding of subsurface
transport processes, according with standards that are
accepted in the geoscientific community for models used
to test hypotheses and improve the understanding of a
hydrogeologic system, though not necessarily adequate
for all of the applications a risk assessment might demand.
For a model of such broad scope, this model was devel-
oped in a relatively short time, during which the model
developers made hundreds of decisions as to what data
and processes to consider. Inevitably, some decisions
could be improved upon, but the review team fmds few
deficiencies of this type. The model developers' attempt to
consider as much data in their model as they did and their
overall scientific judgment in developing the model are
commendable.

Limitations in the model's applicability arise mainly
from (1) fundamental shortcomings inherent in any pre-
dictive modeling of a highly complex system, (2) cur-
rently inadequate scientific understanding of certain
important contaminant transport processes, and (3) the
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poor quality, small quantity, and often minimal relevance
of the data available for characterization and calibration.

The model necessarily is based on an imperfect and
highly simplified formulation of the subsurface environ-
ment and its processes. One aspect of this is that the
degree of spatial detail is much more coarse in such a
model than the scales of heterogeneity of properties and
physical and chemical processes of the subsurface. For
example, the smoothing of data, as by kriging, blurs
potentially sharp contrasts between dissimilar subsurface
features. The model developers recognized this problem
and compensated for some of its most serious aspects by
forced imposition of areas of zero interbed thickness in
the model domain. Other phenomena, such as preferential
flow in channels a few millimeters wide, cannot be easily
compensated for. Another aspect is the time scale of appli-
cability. Quantitative predictions of the future with this
model are extrapolations of hydrogeologic data that typi-
cally extend back about 50 years. The future time over
which useful extrapolations can be made from such a data
set is shorter than the time scales relevant to the assess-
ment of risks.

Significant limitations in the model's applicability
arise out of hydrogeologic processes that are not well
enough understood by the scientific community to predict
effects of these processes on actinide transport. These
chiefly concern flow behavior and chemical reactions in
the unsaturated zone. Preferential flow is a process that
significantly affects actinide transport, but it is poorly
understood in terms of how to predict when it will occur
and with what quantitative effect. It also is not known how
to represent the layering of geologic materials in suffi-
cient detail to evaluate the importance of layer contrasts as
a possible impediment to flow, or a generator of lateral
flow, or a configuration for preferential flow by funneling
and unstable flow processes. The extent to which chemi-
cal interactions between contaminants and subsurface
materials inhibit the spread of contamination is uncertain
because science does not yet have an adequate theory of
reactive chemical transport.

Few relevant direct measurements of subsurface
properties, for example unsaturated hydraulic conductiv-
ity, are available for use in this model. The available
COPC detections are also not useful for calibration, even
though, in an ideal situation, measured COPC concentra-
tions would be the data of most importance for calibration
and testing. Therefore the model relies heavily on param-
eter values obtained through inverse modeling and less
direct forms of calibration. Unfortunately, even the data
used indirectly for calibration are sparse and, for the most
part, have undemonstrative relevance to the transport of
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COPC' s. Among the reasons why this relevance is not yet

established are (1) that the sensitivity of COPC transport

to these data was not examined, and (2) that the COPC

source terms are not well established.

Despite its limitations, the IRA model has consider-

able value for exploring the sensitivity of projected con-

taminant concentrations to certain critical features of the

hydrogeologic system associated with the SDA, and for

testing possible consequences of alternative management

strategies for assessment of their relative effectiveness.

One purpose to be served in sensitivity analyses is in

assessing the uncertainty of model results caused by spe-

cific deficiencies in knowledge of the subsurface transport

system, for example the variation in computed COPC

travel times that can be ascribed to imperfect knowledge

of effective interbed permeabilities. Another purpose is in

evaluating the possible effects of alterations in the system,

for example whether a proposed modification of the sur-

face-runoff management system could have significant

effect on travel times. Other examples include investigat-

ing the sensitivity of projected contaminant concentra-

tions to such hydrogeologic features as (1) alteration of

infiltration fluxes associated with climatic change, (2)

changes in the contaminant source term, and (3) sensitiv-

ity of projected contaminant concentrations to Kd values.

The small number of sensitivity analyses completed so far

in part reflects the fact that the TETRAD model, being a

relatively elaborate numerical simulation code, requires

considerable computer time for each run. Besides the

obvious alleviation of this problem that would be afforded

by faster computers than those now available, the problem

could be reduced through the development and use of sim-

pler numerical models, perhaps working in one or two

dimensions, for evaluating particular sensitivities.

Our review focuses on whether this model is defensi-

ble in various applications relevant to risk assessment. We

consider defensibility in terms of whether a knowledge-

able scientist would judge it to be either realistic or con-

servative with respect to risk-assessment applications. If

the standard is to make quantitative predictions that scien-

tists would recognize as either approximations or overes-

timations of the concentration of COPC' s at a given point

in space and time, this standard cannot be satisfied with

existing science and therefore not with any particular

model that has been created to date. The present state of

knowledge could confirm that the predicted results are

what is produced by an agreed-upon predictive procedure,

but not that they will correspond to future reality. These

remarks should not be taken to imply that the actual future

COPC concentrations will necessarily exceed the predic-

tions, but only that the uncertainty of the specific quanti-

tative predictions is so high that the absolute numbers are

not useful for deciding whether specific standards, in

terms of specifying in advance the result of future mea-

surements, will or will not be met. The model imple-

mented with the TETRAD code meets prevailing scien-

tific standards as an investigative tool, though its

applicability does not extend to all aspects of risk assess-

ment.



7.0 Summary and conclusions

This review of the Interim Risk Assessment (IRA) for
Waste Area Group 7 (WAG-7) 13/14 Operable Unit
focused on the fate and transport of selected actinides
(Am, U, Np, and Pu) derived from mixed transuranic
wastes buried in shallow pits and trenches at the
Subsurface Disposal Area (SDA). This review was
concerned only with the actinide data and geotechnical
methodologies that were used in the numerical simulator
to predict releases of the long-lived actinides to the
accessible environment (the Snake River Plain (SRP)
aquifer). This review did not include an evaluation of the
source term or the source-term release-rate model, both of
which add considerable uncertainty to an already complex
problem.

The scope of this review included four topical areas:
(1) Review of radionuclide sampling data at the
Radioactive Waste Management Complex (Chapter 3),
(2) Radionuclide transport processes (Chapter 4), (3)
Distribution coefficients (Kds) and their application to
transport analysis (Chapter 5), and (4) Transport model
analysis (Chapter 6). Each of the aforementioned chapters
includes a separate summary section. Chapter 2,
Conceptual model of aqueous-phase fluid flow and
contaminant transport, presents background information
that describes the hydrogeologic and geochemical setting
of the SDA and vicinity. Chapter 2 also includes a
discussion of hydrologic concepts that are considered
relevant to the various review topics. The summary and
conclusions presented in this chapter highlight many, but
not all of the main points presented earlier. The main
purpose of this chapter is to discuss the significance of the
review team's findings in the context of whether or not
actinide predictions can be considered to be conservative.
The reader is referred to previous chapters for additional
summaries that deal specifically with the topical areas
covered in this review.

An implied conclusion of the IRA, as it concerns
actinide transport, is that the predictions of actinide
releases to the SRP aquifer are conservative.
Conservative, as used in the context of the IRA, is meant
to indicate that the numerical simulator predicts actinide
releases that are larger than should reasonably be
expected. The guiding philosophy in developing the
numerical simulator was to use technically defensible
estimates for the Kds and conservative estimates of other
model parameters wherever "realistic" estimates were not
available. It was not the intent of the IRA to present a
worst-case scenario.
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In the case of the actinides and many other aqueous-
phase contaminants, calibration control is poor for both
the flow component and the transport component of the
numerical simulator. No attempt was made, and
appropriately so, to calibrate the numerical simulator to
actinide detections in the field. The limited number of
detections, their sporadic and seemingly random nature,
and uncertainty over whether or not these detections
represent dissolved-phase transport preclude their use for
this purpose. The review team concurs with the principal
investigators of the IRA that using these detections for
calibration purposes is of limited value. However, to
imply (as was done in the IRA, Becker and others, 1998,
p. 5-61) that nondetections of actinides predicted by the
model are consistent with field evidence can be
misleading because model predictions are below
minimum detection levels. Thus, it is not possible to
demonstrate objectively whether or not the present
numerical simulator over or underpredicts actinide
releases to the SRP aquifer. The lack of calibration control
for the actinides places greater importance and emphasis
on demonstrating the reliability and validity of other
aspects of the numerical simulator, as discussed in
following paragraphs.

The numerical simulator is developed around a
conceptual model that incorporates a number of
assumptions. Any assessment of model predictions must
consider the validity of the conceptual model that was
used to guide the formulation of the numerical simulator,
the reliability of calibration controls that were used to
adjust input parameters and to test the model's capability
to match the historical record, and the validity of other
assumptions that were used to simplify the real-world
problem. Data quality and completeness largely
determine the confidence that can be placed in the
model's predictive capability. Of necessity, subjective
judgment or professional opinion was used in the present
study to supplement or substitute for the lack of data. In
doing so, the distinction between what falls inside the
categories of conservative, realistic, or technically
defensible and what falls outside is often bluffed. This is
particularly evident in the way that Kds were determined
and used in the numerical simulator.

All numerical models rely to some degree on the need
to simplify the real-world problem. Simplification is
required either to minimize computational requirements
or to represent complex systems and processes at scales
that are capable of integrating the effects of many smaller
scale features and interactions. Simplification invariably
reduces the problem to studying how temporally averaged
and spatially averaged representations interact. Often,
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simplification will degrade, or in some cases, eliminate

opportunities to calibrate the simulator. Care is required to

ensure that the transformation from the real world to the

simulated world preserves the critical elements of the

problem being studied and that the simplification process

does not inadvertently compromise valuable calibration

opportunities that would further reduce confidence in the

risk estimates. This point was made in the IRA (Becker

and others, 1998, p. 7-6). Loss of calibration opportunity

is a trade-off that results from simplification and the use

(or overuse) of conservative assumptions.

The conceptual model of flow in the unsaturated zone

beneath the SDA assumes that all flow is derived from

surface infiltration and runoff within the immediate

vicinity of the SDA. Infiltration is spatially and

temporally variable across the SDA. Water infiltrating

through the shallow surficial sediments and buried waste

is redistributed as it comes into contact with the

underlying basalts. If the surficial sediments are not

present beneath the buried wastes, then downward

percolation into the underlying basalts proceeds

unimpeded, without lateral redistribution. Flow into and

through the basalts underlying the surficial sediments

occurs primarily as vertical flow with little or no lateral

redistribution within the basalts themselves. Lateral and

vertical flow occurs at the contact between the basalts and

underlying sedimentary interbeds. Locally, perched water

may form at the contact between the basalts and

underlying sedimentary interbeds if the vertical flux

exceeds the downward percolation capacity of the

interbeds and the horizontal permeability of the basalts.

Lateral flows derived from seepage in the spreading areas

or from the Big Lost River were not considered as sources

of water that could contribute to flow in the unsaturated

zone or to the formation of perched water.

There is considerable uncertainty over how the

exclusion of lateral flow from outside the SDA affects

actinide predictions. The decision to do so was based on

the lack of compelling evidence (at least not until 1999) to

do otherwise, and perhaps because of lack of data to

determine what component of the total flux should be

assigned to flow derived from outside the SDA. Exclusion

of lateral flow in the unsaturated zone from outside the

SDA may represent a significant departure from real-

world conditions. If so, then interpretations of field data

that were used to adjust input parameters to calibrate the

numerical simulator or to test its predictive capability may

be seriously compromised. Until the issue of lateral flow

from outside the SDA is resolved, the reliability of the
numerical simulator to predict the fate and transport of
contaminants in the subsurface will remain controversial.

Assuming that other aspects of the current conceptual

model are applicable, predictions of actinide releases, as

presented in the IRA, are presumed to be conservative for

the following reasons: (1) Kds that were chosen for
actinide transport were at the low end of the range of

values that were available from laboratory tests or derived

from the literature, (2) gaps in the interbeds and surficial

sediments were included to provide preferential pathways

for the migration of actinides, (3) the sorption capacity of

the basalt matrix in both the unsaturated and saturated

zones was assumed to be zero, (4) the thin and
discontinuous interbeds located between the C-D interbed

and the SRP aquifer were excluded from the numerical

simulations, and (5) only the upper portion (76 m) of the

total thickness of the SRP aquifer was assumed to be

available for mixing and dilution of contaminants. By

design, assumptions (3) and (4) are truly conservative

treatments that require no additional clarification.

Assumption (2) is conservative to the extent that all gaps

in the interbeds, within the areal extent of the flow field

that could potentially contain waterborne contaminants,

are known. Assumption (5) may be conservative, but

dispersion and advective mixing processes in the

saturated zone are not well characterized. Laboratory- and

literature-derived Kds to support assumption (1) lack

rigorous definition, may not be applicable to a chemically

evolving, mixed-waste environment, and apply only to

dissolved-phase transport.

The preceding assumptions constitute the primary

basis for implying that predictions of actinide releases to

the SRP aquifer are conservative. Additional assumptions

were included in the numerical simulator to simplify the

computational scheme, improve agreement with certain

field observations, or accommodate data limitations.

Examples of these assumptions are: (1) representation of

the basalts as a homogeneous, anisotropic, equivalent

porous media, (2) use of a low-permeability clay layer at

the tops of the interbeds and the base of the surficial

sediments to simulate perching, (3) assignment of

hydrologic properties to the sedimentary interbeds on the

basis of lithologic similarity and representation of the

interbeds as low-permeability, homogeneous, isotropic

units, all with nearly identical hydrologic properties, (4)

use of laboratory-derived Kds that are based on tests that

do not consider how the actinides may behave in the field

in the presence of other mixed wastes, and (5) use of Kds

that presume that the capacity of the media to sorb

contaminants is infinite, that sorption characteristics of

the media are constant, and that there is no competition for

sorption sites from other contaminants that may be

present.



The effects of these additional assumptions on
actinide predictions are difficult to assess. Assumptions
based on incomplete data or lack of data are difficult to
defend and are particularly vulnerable to criticism. As a
minimum, these assumptions point out the lack of rigor
attendant to various aspects of the present study.
Assumptions (4) and (5) fall into this category. The
validity of the other assumptions and their effect on
actinide predictions depend on the quality and
completeness of the supporting data and on how these and
other assumptions were implemented and subsequently
evaluated in the numerical simulator. Sensitivity analyses
normally are used to evaluate the significance of
assumptions on model predictions; however, these
analyses were not included in the present version of the
IRA and supporting documentation. Nevertheless, a
qualitative critique of these secondary assumptions and
their effect on the numerical simulator is presented.

(1) Representation of the hydrologic properties of the
basalts—Flow in the basalts is very complex. The
representation of the basalts as an equivalent,
homogeneous, anisotropic, porous media largely
precludes realistic simulations of preferential flow within
these units. This is a tradeoff resulting from the need to
simplify. Results from inverse modeling of data from the
Large-Scale Infiltration Test were used to determine
equivalent porous-media properties for the basalts to
represent the large-scale anisotropy and heterogeneity of
these units in a manner appropriate for use in the
numerical simulator. This approach is a commonly used
and accepted practice, even though nonunique solutions
are possible. For modeling purposes, anisotropy of the
basalts is represented by a 30:1 (reduced from 300:1 to
simulate perching) contrast between horizontal and
vertical permeability. Homogeneity of the basalts is
embodied in the representation of these units as a low-
porosity, high-permeability equivalent porous media. In
reality, these flow units are extremely heterogeneous and
anisotropic. It is highly unlikely that the true permeability
distribution of the basalt flows will ever be known at a
scale that would be appropriate for use in the numerical
simulator to predict precisely where actinides will
migrate. For purposes of the IRA, this may not be
necessary if other means (discussed later under topic
(3)—hydrologic properties of the sedimentary interbeds)
are available to determine the cumulative effect of
preferential flow in the basalts. The present modeling
effort suggests that the movement of waterborne
contaminants in the unsaturated zone will be confined to
a relatively small area that lies beneath the immediate
vicinity of the SDA. Thus, it is assumed that all
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contaminants eventually will contact one or more of the
primary sedimentary interbeds beneath the SDA before
arriving at the SRP aquifer. This hypothesis needs to be
tested. Noteworthy from the perspective of conservatism,
the numerical simulator does not assign any capacity to
the basalt matrix to sorb contaminants in the unsaturated
and saturated zones. This is a conservative assumption
that should result in overpredicting actinide releases.

(2) Simulation of perched water—Calibration of the
unsaturated-flow component of the numerical simulator
relies almost exclusively on simulating perching that has
been observed at various locations beneath the SDA. The
presence of perched water is appealing because these sites
offer an opportunity to sample for waterborne
contaminants. The assumption is made that perching
mechanisms tend to integrate the flow and contaminant
transport history to the point where the perched-water
body is formed. To some extent this is true, but if other
sources of water outside the contributing area of the SDA
are present, then the interpretation of sampling results can
be misleading. Lateral flow from outside the boundaries
of the SDA may lead to underestimates of contaminant
releases because of dilution, dispersion, and facilitated
transport of waterborne contaminants that are derived
from infiltration within the SDA.

Data to characterize perching phenomena are limited
and the mechanisms that lead to perching are poorly
understood. Perched water and areas of elevated moisture
content in the subsurface have been encountered in almost
every geologic setting beneath the SDA. No consistent
pattern has emerged to predict where perching will or will
not occur. The sedimentary interbeds are presumed to
play a major role in this process; however, most
observations indicate that perching occurs in the basalts at
locations that are not in direct contact with the underlying
sedimentary interbeds. The inclusion of a low-
permeability clay layer at the tops of the major
sedimentary interbeds and at the base of the surficial
sediments was needed to simulate perching and
redistribute vertical flow. These adjustments were made
assuming that all flow through the unsaturated zone
beneath the SDA is derived from surface infiltration at the
SDA. As mentioned previously, lateral flow from the
spreading areas or from seepage in the Big Lost River was
not considered as a source of water that could account for
the local accumulation of perched water. Larger fluxes in
the unsaturated zone, derived perhaps from outside the
vicinity of the SDA, may be a necessary prerequisite for
most perched-water occurrences.

Although perching is important, its significance as an
integrator of flow and contaminant transport processes in
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the unsaturated zone may be overemphasized. A different

perspective of perching might suggest that it simply

reflects isolated areas where water accumulates locally

into dead storage and that most flow in the unsaturated

zone actually moves rapidly through the basalts and into

the underlying sedimentary interbeds.

The use of a low-permeability clay layer to simulate

perching may not be conservative. The low-permeability

clay layer forces lateral flow to occur above the interbeds

and thus distributes waterborne contaminants over a much

larger area than might actually occur in the field. The net

effect of this assumption is to provide greater opportunity

for waterborne contaminants to come into contact with a

much larger volume of contaminant-sorbing media, thus

minimizing the deleterious effect that competition for

sorption sites would have on contaminant transport. The

assumption, as implemented, presumes that there are no

known gaps in the C-D interbed in the immediate vicinity

of the SDA to facilitate rapid transport to the SRP aquifer.

Care must be taken not to overinterpret the significance of

perched water in deference to other possibilities that are

less obvious but may be more meaningful for

characterizing flow in the unsaturated zone.

(3) Hydrologic properties of the sedimentary

interbeds—Numerical simulations indicate that the

downward flux of water beneath the SDA is not uniformly

distributed. This is indicated by the lateral and vertical

variability in simulated water saturations within

individual interbeds and between interbeds. This is a

realistic portrayal of moisture distribution in the

unsaturated zone. Moisture distribution patterns that are

predicted by the numerical simulator are a consequence of

(1) variations in the spatial and temporal distribution of

infiltration at the ground surface, (2) differences in the

vertical and horizontal permeability assigned to the

basalts, (3) contrasts in permeability between the basalts,

the interbeds, and clay layers used to simulate perching,

and (4) geometric variations in the elevation, attitude,

thickness, and continuity of the modeled units,

particularly the interbeds. Unfortunately, there are few

data to determine how well these simulated moisture

distributions represent actual field conditions.

Moisture distribution within the sedimentary

interbeds, particularly the low-permeability, silty-loam

units, may offer the best opportunity to calibrate the

unsaturated-zone flow component of the numerical

simulator. As a minimum, moisture distribution within

these units may provide the information needed to

determine whether flux in the unsaturated zone is derived
exclusively from infiltration at the SDA, or if it includes

an outside component that needs to be addressed in the

numerical simulations. To do this, realistic representation

of the hydrologic properties of the interbeds is needed to

avoid compromising the calibration opportunity afforded

by this approach. The use of the interbeds in this manner

has not yet been explored or exploited to its full potential;

most probably because the data are not available to do so.

Flux across these units can be estimated if ambient
saturations and the moisture characteristic curves for

these units are known.

Temporal and spatial variations in the saturation of

the sedimentary interbeds can be estimated either from in

situ measurements of matric potential, borehole
measurements using properly calibrated neutron-
activation probes, or laboratory measurements of core. All

these methods complement each other and should be
considered together. Core measurements of the
hydrologic properties and ambient moisture content of the

sedimentary interbeds, particularly the silty-loam units,

are especially desirable.

(4) Applicability of laboratory-derived Kds—One of

the major assumptions used to defend actinide predictions

as conservative is derived from the fact that the Kds used

in the numerical simulator were chosen from the low end

of the range of laboratory- and literature-derived values.

The intent of this decision is clear; however, the quality

and completeness of the available data are insufficient to

demonstrate that the Kds were selected from a
representative population of test results that are

reasonably representative of the site and the influence of

a chemically evolving, mixed-waste environment. The

Kds used for Am, U, and Pu transport were derived from

a limited number of batch tests of a single, composite,

sedimentary interbed sample. This sample was prepared

from a mixture of five samples with different physical and

chemical properties. Forty percent of the bulk sample (the

coarse fraction) was eliminated from the batch tests,

possibly biasing the results toward higher Kds because of

the greater surface area represented by the finer size

fraction. Furthermore, the batch tests were conducted

using synthetic water containing concentrations of major

cations and anions that were generally smaller than those

measured in ground water and perched water near the

SDA. The lower ionic strength of the solution reduces

competition for available sorbing sites and leads to larger

Kd estimates. The synthetic water also was undersaturated

with respect to calcite, even though calcite is a common

mineral phase in the sedimentary interbeds. This is a

potentially serious departure from actual field conditions,

because aqueous stability and mobility of the actinides

may be enhanced by the formation of wealdy-sorbing

carbonate complexes.



The importance of carbonate complexation is
demonstrated in the thermodynamic modeling that was
conducted as part of this review. Formation of carbonate
complexes also was suggested, along with colloidal
transport, as possible explanations for the early elution of
a "fast fraction" that was observed in the column
experiments for Am and Pu referenced in this review.
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Although the Kds used in the numerical simulator were
selected from the lower end of the range of these
laboratory-derived measurements, it is not obvious that
the limited data and experimental protocols provide
adequate opportunity to demonstrate that these Kds are
reasonably conservative or technically defensible.
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Appendix app-3

SIGNIFICANT ISSUES TO BE RESOLVED TO SUPPORT AND
DEFEND THE IRA, AND ADDITIONAL WORK REQUIRED TO
RESOLVE THOSE ISSUES, RWMC WAG 7-13/14 OPERABLE
UNIT

By Joseph P. Rousseau, Brennon R. Orr, and LeRoy L Knobel

!introduction

Background. The IRA and Contaminant Screening for the WAG-7 RI/FS (Becker and others, 1998) was prepared forthe DOE by LMITCO in support of the WAG-7 comprehensive RI/FS. The purpose of the IRA was to preserve a formalrecord of work completed in support of the RI/FS. The draft Addendum to the Work Plan for the WAG-7-13/14Operable Unit Comprehensive RI/FS (DOE, 1998) defined revised strategies and additional requirements forconducting the WAG-7 comprehensive RI/FS. These two reports and supporting documents will be used in completionof the draft ROD for remediation of WAG-7 by December 2002. The DOE, in order to prepare for ROD negotiationswith the EPA and the State of Idaho, requested that the USGS conduct an independent technical review of the IRA, theAddendum, and associated documents.

Purpose and Scope. Modification A005 to Contract Number DE-A107-971D13556 between the DOE and USGS,dated July 16, 1998, established additional work to be accomplished by the USGS in support of the independenttechnical review, as requested by the DOE. Five tasks were identified in the proposal for work. Task 1 provides a reviewof radionuclide data supporting the IRA, Task 2 discusses radionuclide transport processes pertinent to the SubsurfaceDisposal Area (SDA), Task 3 addresses Kds and their application to transport analysis, and Task 4 discusses transportmodel analysis. These tasks, to be completed by July 15, 1999, will provide a detailed review of primary and secondarydocuments associated with the IRA.

Task 5 (deliverable report to be provided to the DOE by October 15, 1998) of this technical review is intended toprovide timely interim guidance to several questions. First, what are the most significant issues that need to be resolvedto support and defend the IRA? Second, what additional work is immediately required to resolve those issues? Thisinterim guidance is offered to provide sufficient lead time to resolve those issues within the timeframe of the draft ROD(2002).

As part of Task 5, preliminary reviews were conducted of the IRA (Becker and others, 1998), results of the LSIT (Woodand Norrell, 1996), Kds and contaminant solubilities for the WAG-7 Baseline Risk Assessment (Dicke, 1997), and theflow and transport model (Magnuson and Sondrup, 1998). Additionally, planned work elements were evaluated thatwere identified in the Addendum to the Work Plan (DOE/ID, March 1998). This review focused primarily on data needsrather than on analytical approaches.

It Review of Additional Work from the Addendum that is Related to Hydrologic Transport of Contaminants
Data quality objectives (DQOs) listed in the Addendum (DOE, 1998, table 3-3) evaluated activities needed to satisfy1996 workplan data gaps. The USGS evaluated only those DQOs that pertain to hydrologic transport of contaminantsas highlighted in italics. Data gaps identified in the Addendum are summarized after each DQO.
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Identify distributions of interbed soil contaminants in the unsaturated zone to help determine whether

contaminants in the aquifer are derived from the SDA or an upgradient source. This DQO was to be

accomplished by analyzing for contaminants in spatially distributed samples from the A-B, B-C, and C-D

interbeds. This DQO was not satisfied because interbed sample results were inadequate. Pu geochemistry

experiments were inconclusive and additional experiments have been defined. No determination was made about

spurious detections of actinides in the C-D interbed. Perched-water monitoring continues to evaluate migration.

Additional interbed sampling is not planned.

Identify distributions of water contaminants in the unsaturated zone to help determine whether contaminants

in the aquifer are derived from the SDA or an upgradient source. Monitoring work is in progress. The

contractor is planning to expand the monitoring network with lysimeters near soil vaults and in waste zones.

Identify contaminant concentrations in the aquifer to help determine whether contaminants in the aquifer 
are

derived from the SDA or an upgradient source. Determination of contaminant source using analyses of 3H 
and

NO3 plumes proved to be inconclusive. Data were inadequate to calibrate IRA models or to 
differentiate

upgradient sources of contaminants.

Data gaps that warrant further data collection and research were identified from analysis of these DQOs. 
Planned work

elements to meet the need for additional data were summarized in table 3-4 of the Addendum. Work 
elements listed in

table 3-4 that pertain to hydrologic transport of contaminants and our assessment of the adequacy of these 
elements to

fill data gaps are summarized as follows.

Perched-water and soil-moisture monitoring data (sections 4.3.7, and 4.1.4). These data focused 
primarily on the

surficial sediments and called for quarterly monitoring of unsaturated-zone soil water and perched 
water over an

extended time.

Continued perched-water monitoring is appropriate, as are additional experiments to define the 
presence of

actinides in the B-C interbed. The emphasis in the Addendum appears to be on perched water within the 
surficial

sediments. This work certainly is important, provides a better understanding of the contaminant source 
term, and

should be continued.

In addition, deeper interbed sampling and installation of appropriately designed lysimeters 
are needed, not only

to differentiate contaminant sources, but also to assess the role of the interbeds in the 
transport of contaminants.

Historically, much of the deeper sampling within the boundary of the SDA has taken place from 
well USGS 92.

The limited areal sampling is not adequate to describe the distribution of radioactive and 
organic chemical

contaminants in water in the vadose zone, both inside and outside the SDA. Additional sampling 
points may

become available if a corehole-drilling program is undertaken as proposed in section IV of this 
report. Coreholes

constructed as part of the proposed drilling program could be instrumented to expand the 
present monitoring

network.

Installation of instruments to collect leachate, vapor concentrations, and moisture 
measurements (section 4.3.8)

and installation of lysimeters near soil vaults (section 4.3.9). Additional suction 
lysimeters with appropriate backfill

material to collect water samples, tensiometers to monitor infiltration rates, and time-domain 
reflectometry waveguides

to measure soil-moisture content will be installed in new shallow coreholes and drill 
holes.

This work again is focused solely on the surficial sediments and will provide valuable 
information concerning

contaminant transport. However, the limited capability to collect water samples from underlying 
interbeds or to

measure moisture content and infiltration within interbeds precludes assessment of the role of these 
interbeds in vertical

or lateral transport of contaminants. Additional sampling points may become available 
if a corehole drilling program
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is undertaken as proposed in section IV of this report. Coreholes constructed as part of this proposed program could be
instrumented to assist in determining the extent of contaminant migration in the unsaturated zone.

Installation of upgradient aquifer-monitoring wells (sections 4.3.10, 4.4.1). Installation of five additional
upgradient, aquifer-monitoring wells was planned to identify contaminant concentrations in the aquifer, to delineate
the upgradient areal extent of the CC14 plume in the unsaturated zone, to define background water chemistry by long-
term monitoring, to provide data for calibration of fate and transport models, and to differentiate between contaminant
sources.

Inconclusive analyses of 3H and NO3 plumes clearly illustrated the need for additional upgradient wells
completed in the SRP aquifer. Four of these wells have been constructed by LMITCO and have been included in
the WAG-7 monitoring programs. A fifth well is planned by the USGS in FY 1999. These wells will provide
valuable upgradient water-level and water-chemistry data. We strongly endorse the implementation of this work
element. The process used to locate these wells was technically sound and was designed to provide the
information identified by the data gap analysis. We encourage continued monitoring of these wells to provide
information to better differentiate between contaminant sources.

Actinide migration mechanisms (section 4.4.5). Work elements include peer review of actinide Kd data by qualified
experts, inventory of U and Pu species in samples sent to the INEEL, modeling of transport mechanisms, modeling of
actinide speciation, column tests, replication of previous colloid transport work, experiments to determine adsorption
of actinide complexes onto colloids, and confirmation of the effects of Pu oxidation states on transport.

The work elements identified in the Addendum to examine actinide migration mechanisms need to be
accomplished. We believe that successful completion of these elements is dependent on detailed determination of
bulk and clay lithology and mineralogy in the sedimentary interbeds underlying the SDA. Intact samples from
proposed corehole drilling may provide additional opportunity to conduct Kd analyses that are more
representative of the deeper interbeds.

III. Significant Issues Not Identified or Emphasized in the Addendum

Hydraulic and Geochemical Characterization of the Sedimentary Interbeds. We believe that the hydraulic and
geochemical properties of the sedimentary interbeds are not adequately characterized to meet the needs of a
comprehensive risk assessment for radionuclide migration. Only a limited number of samples were available from theA-B, B-C, and C-D interbeds to characterize the hydraulic and geochemical properties of these units. Investigators,
involved in the development and calibration of a predictive simulator for the transport of contaminants in the subsurfaceat the SDA (Magnuson and Sondrup, 1998, p. 6-5), also have acknowledged the lack of adequate data. Considerable,and perhaps undue, reliance has been placed on a few measurements and qualitative observations to describe the
hydrogeologic properties of all the sedimentary interbeds in the WAG-7 model domain, both within and outside theSDA. The extent and reliability of these data as reported by Magnuson and Sondrup (1998, p. 6-5) and McCarthy and
McElroy (1995, table 3.2.1-3) are summarized as follows:

Surficial sediments — 350 samples from both disturbed and undisturbed locations: "...characterization is of high
quality and shows that there is substantial spatial variability in hydraulic properties..." Vertical hydraulic
conductivity varies over four orders of magnitude (McCarthy and McElroy, 1995, p. 3-13).

A-B interbed — 4 samples, 2 boreholes: "...available samples are not adequate to hydraulically characterize theA-B interbed." "...A-B interbed was assigned the same hydraulic properties as the C-D interbed based on the
similar lithology of the two interbeds." Vertical hydraulic conductivity varies over three orders of magnitude.
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B-C interbed — 6 samples, 5 boreholes: "...number of samples...not adequate to hydraulically characterize the B-

C interbed." "The samples that have been recovered are biased toward lower permeability because they are

composed of finer-grained materials which are more easily recovered." Vertical hydraulic conductivity varies

over six orders of magnitude.

C-D interbed — 34 samples, 14 boreholes: "...characterization appears adequate for the C-D interbed." "The C-D

interbed generally contains more clay and loam leading to better sample recovery." Vertical hydraulic

conductivity varies over seven orders of magnitude.

Lower interbeds — no samples.

The lack of adequate hydraulic data for the sedimentary interbeds within the SDA is due in large part to difficulty in

obtaining complete core samples from these loosely consolidated units. Geochemical and lithologic data for the

sedimentary interbeds are inadequate for the same reason. Outside the SDA, borehole coverage is extremely limited

as well, and definition of the hydraulic and geochemical properties and of the generalized stratigraphy of these units is

practically nonexistent.

Within the immediate vicinity of the SDA, the composite thickness, elevations, and orientations of the individual

interbeds are, for the most part, well defined. Minor exceptions may be present, particularly in areas of the SDA where

borehole coverage is limited (Magnuson and Sondrup, 1998, p. 6-2). Outside the SDA, definition of the sedimentary

interbed stratigraphy is based only on a few widely spaced boreholes, and implications on subsurface flow and transport

modeling at the SDA are uncertain.

Understanding the role of the sedimentary interbeds in retarding the migration of radionuclides from the SDA to the

SRP aquifer requires much more rigorous definition of the hydraulic and geochemical properties of these units than is

currently available. The interbeds, at best, are imperfect hydrologic barriers. In general, rapid downward movement

of water through the fractured basalts in the unsaturated zone is retarded at interbed boundaries or above sediment- or

precipitate-filled fractures near the base of the basalts that are in contact with these interbeds. This process was

observed and documented in the controlled, Large Scale Infiltration Test (LSIT) south of the SDA (Wood and Norrell,

1998). Most of the flow through the unsaturated zone is in fractures and narrow, preferential channels in the basalt.

This preferential flow can transport contaminants much faster than more uniform piston flow can. Interbeds may be a

major retarding influence if they act to spread out and homogenize the preferential flow that enters from the basalt

fractures. Alternatively, they may have little effect if flow locally is channeled and directed over or around the layer

boundaries until a breach in the vertical flow barrier is encountered.

The contaminant retardation efficiency of the sedimentary interbeds depends largely on the flux within and across these

units and on the cation exchange capacity (CECs) of these units. Maximum retardation efficiency is achieved if flow

occurs through the sedimentary interbeds. During periods of high infiltration, lateral flow above the sedimentary

interbeds may be a significant component of the total flow, and contaminant retardation efficiency may be much less

than might otherwise prevail because flow would occur primarily in the basalts. This aspect of the role of the

sedimentary interbeds on radionuclide migration in the unsaturated zone has not been adequately addressed, perhaps

because of the lack of sufficient data with which to generate meaningful simulations.

The current predictive simulator for subsurface pathway on contaminant fate and transport does not include the possible

effects of episodic infiltration in the spreading areas on contaminant transport at the SDA (Magnuson and Sondrup,

1998, p. 2-30). Rightmire and Lewis (1987) documented the possibility of significant lateral flow in the unsaturated

zone beneath the SDA from infiltration of Big Lost River (BLR) diversions into the spreading areas south and west of

the SDA. In this earlier study of the hydrogeology and geochemistry of the unsaturated zone at the SDA, perched water

samples that were collected from above the C-D interbed at USGS 92 were shown to be depleted in the stable isotopes

deuterium and 180, suggesting that this water was derived from recharge in the spreading areas and not from vertical

infiltration in the SDA. In contrast, the stable isotopic signatures from perched water above the shallower B-C interbed
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in well 77-2 at the SDA indicated an evaporative influence, suggesting that the source was infiltration of local meteoric
water. Furthermore, the historical record of perched-water levels in USGS 92, dating back to 1972, correlates
remarkably well with the records of BLR diversions into the spreading areas (Joel Hubbell, LMJTCO, oral commun.,
1998). Lateral flow in the unsaturated zone, possibly originating from episodic recharge in the spreading areas, alsomay be responsible for the observed CCI4 plume in the SRP aquifer north and east of the SDA.

The manner in which water moves within, on, and through the sedimentary interbeds in transit to the SRP aquifer may:(1) accelerate or retard contaminant transport, (2) concentrate or dilute contaminants, and (3) determine whether flowprimarily is vertical or horizontal. It is therefore important that sufficient data be made available so that critical
simplifying assumptions, needed for the final formulation of the predictive simulator for subsurface pathway, can be
adequately defended.

A corehole drilling program to provide better and more defensible definition of the role of the sedimentary interbedsin contaminant migration processes at the SDA is presented in section IV. The drilling of these coreholes will also
provide additional opportunities to help satisfy some of the DQOs identified in the Addendum as discussed in sectionH. Additionally, the proposed drilling program will provide a unique opportunity to expand on the Rightmire andLewis (1987) study of the hydrogeology and geochemistry of the unsaturated zone at the SDA.

Laboratory Performance and DQOs. The sporadic detections of contaminants at some sample sites, many of whichare at the method detection limit, combined with the fact that detections frequently are unconfirmed by quality
assurance samples, indicate that problems may be associated with sample collection methods, sample handling in thelaboratory, analytical methods, processing of raw analytical data, or reporting of analytical results. In addition, theprevious use of more than one laboratory creates difficulty in comparing detections near the method detection limit.Resolution of these data discrepancies is critical to understanding the movement of contaminants in the unsaturatedzone. Examples of problematic data follow (uncertainties are reported as one estimated sample standard deviation;units are in picocuries per liter)

Well ate Laboratory Radionuclide Sample type ConcentrationM4D Nov 1993 Barringer Pu-239, -240 Filtered ND
Duplicate, F 1.3t.3
Unfiltered ND

Duplicate, U ND

[Problem—Inability to reproduce a result that was well above the analytical method detection limit]

M3S Oct 1997 EPI Am-241 Unfiltered .04±.01
Reanalysis. 02±.02

[Problem—Reporting results less than the analytical method detection limit as positive results]

MIS May 1998 EPI
EPI
EPI

Paragon
Paragon
OS lab

Am-241 Primary 2.0t.1
Replicate-split ND
Replicate-split ND
Replicate-split 04±.02
Replicate-split 003±.011
Co-sample <0.05

[Problem--Inability of the same lab and other labs to reproduce a result that was well above the analytical method detection limit]

IV. Recommendations for Additional Work to Resolve Significant Issues

Two specific programs are recommended to resolve significant issues identified in section III. These consist of acomprehensive, integrated corehole-drilling program and a laboratory technical review.

Corehole-drilling and testing program.—The hydraulic and geochemical properties of sedimentary interbedsbeneath the SDA have not been adequately addressed in the IRA, Addendum, and ancillary documentation. Acomprehensive, integrated corehole-drilling program is needed to resolve issues related to the transport of contaminants
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through the unsaturated zone and the effect of episodic recharge in the spreading areas on lateral movement of water

in the unsaturated zone. Two key assumptions are essential to the successful execution of the recommended 
program:

(1) The corehole-drilling program will provide complete, relatively undisturbed cores from the land surface 
through

the C-D interbed at many widely dispersed sites within the WAG-7 model domain, and (2) if perched 
water is

encountered during drilling operations, representative water samples will be immediately collected for chemical,

isotopic, and contaminant analyses, particularly in the vicinity of the RWMC.

Techniques for obtaining relatively undisturbed core from unconsolidated sediments presently are being developed.

These techniques can provide the samples needed to characterize hydraulic and geochemical properties of 
the A-B, B-

C, and C-D interbeds. The inability to obtain these samples has been a major shortcoming of previous 
drilling efforts.

Scope

The scope of a corehole-drilling program needed to adequately characterize the hydraulic and geochemical 
properties

of the sedimentary interbeds includes the following work elements.

-Approximately 24 to 36 coreholes will be dry-core drilled to collect core (hole size approximately 13 cm) from

the land surface through the C-D interbed, with an average depth of approximately 90 m. These 
coreholes will be

located to best sample the interbeds within the WAG-7 model domain, to include sites that will 
provide

information at the SDA, between the SDA and the spreading areas, and to the northeast where contaminants 
have

been detected in the unsaturated zone and aquifer. Corehole-drilling operations will include 
reaming of the

corehole after coring through the B-C interbed and installation of steel casing across the B-C interbed to 
advance

the corehole to the target depth.

-Sedimentary interbed core will be recovered and preserved in Lexan4 liners.

-Perched water will be sampled immediately when encountered during drilling operations.

-Geophysical logs will be run in each corehole; log suites will include gamma, neutron, and density 
logs.

-Video logs will be run in each corehole.

-Each corehole will be prepared for followup monitoring, instrumentation, abandonment, 
and future deepening to

support additional work needed to meet DQOs identified in section II.

-Hydraulic testing and geochemical analyses will be conducted on recovered cores, particularly 
those of the

sedimentary interbeds and the basalt-interbed contacts. Laboratory tests of interbed core 
samples will provide

spatial and vertical characterization of hydraulic and hydrochemical properties of the A-B, B
-C, and C-D

interbeds. These properties are needed to evaluate contaminant transport through the interbeds, 
potential for

lateral flow from the spreading areas, and lateral migration of contaminants to the 
northeast of the SDA.

Laboratory tests ofthe hydraulic properties of interbed cores should include detailed profiles 
of grain size,

permeability, and water content. Laboratory tests of hydrochemical properties should include 
detailed profiles of

the interbed mineralogy and interstitial water chemistry. The interbed mineralogy should 
include a detailed

breakdown of the clay minerals present and their relative proportions. In addition, interbed 
samples could be used

to satisfy DQOs calling for further tests for Kds and actinide transport as noted in section II of this report.

4Use of brand names does not constitute endorsement by the USGS
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Objectives

Implementation of this integrated corehole-drilling program will achieve the following objectives and can be completed
in sufficient time to meet milestone dates associated with the WAG-7 ROD.

-Better definition of perching and lateral flow mechanisms within the basalt and sedimentary interbeds.

-Importance of episodic recharge from the spreading areas relative to contaminant transport in the unsaturated
zone at the SDA.

-Better definition of the hydraulic properties of the sedimentary interbeds and the basalt/interbed contacts. These
properties include permeability, porosity, and moisture content.

-Better resolution of the spatial continuity, thickness, and orientation of sedimentary interbeds within the WAG-7
model domain.

-Definition of the clay mineralogy within each interbed.

-Development of a defensible methodology to assign representative cation-exchange capacities to the
sedimentary interbeds.

Laboratory Technical Review and DQOs. —The use of more than one laboratory for radiochemical analytical workthat supports the ROD for remediation of WAG-7 is undesirable and makes comparison of data difficult. Review of past
laboratory technical procedures to eliminate historical spurious radiochemical data is not feasible. A technical reviewis needed to eliminate future uncertainty over the reliability of laboratory analytical procedures. A consistent means ofreporting data also needs to be established.

-A single laboratory should be selected to analyze all the data under a consistent set of DQOs. The selected
laboratory should be contracted for the duration of the data collection process and should be audited on a routine
basis.

-An independent audit of the selected laboratory should be conducted prior to awarding the contract. The
preselection audit should be jointly conducted by independent parties such as DOE, USGS, INEEL Oversight
Committee, and EPA. The audit should be conducted under the auspices of the guidelines contained in "Manualfor the Certification of Laboratories Analyzing Drinking Water. Criteria and Procedures. Quality Assurance.
Third Edition, April 1990. EPA/570/9-90/008."

-The audit should include an on-site visit, and the selected laboratory should participate in appropriate round-robin programs such as those conducted by EPA and DOE (RESL).

-For reporting low-level data, we recommend that the approach that was documented by L.A. Currie (1984) beadopted. This approach is described in ASTM Standard Practice for Intralaboratory Quality Control Proceduresand a Discussion on Reporting Low-Level Data", D 4210-89 (Reapproved 1996).



app-10 Review of the transport of selected radionuclides in the Interim Risk Assessment

V. Summary

The purpose of Task 5 of the Independent Technical Review of the IRA was to identify the most significant issues that

need to be resolved to support the draft ROD for site remediation by December 2002 and to provide interim guidance

to DOE on what work will be required to resolve those issues.

We have reviewed the DQOs identified by LMITCO in their draft Addendum and concur with their proposed work

program to meet those DQOs. We have identified two additional issues that need to be resolved prior to finalizing the

IRA. These issues involve: (1) inadequate definition of the role of the sedimentary interbeds in contaminant transport

processes, and (2) uncertainty over the reliability of the analytical procedures used to determine the presence of

radionuclides in the ground water at the SDA.

An integrated corehole-drilling and hydrologic-testing program should be undertaken at the earliest possible date to

provide adequate characteriztion of the geochemical and hydraulic properties of the sedimentary interbeds within the

WAG-7 model simulation domain. The proposed drilling and testing program can be completed in time to meet the

draft ROD target negotiation date of December 2002. The drilling of these coreholes will provide additional

opportunities to help meet some of the DQOs identified in the Addendum to the Work Plan for WAG-7.

Any uncertainties over the reliability of the analytical procedures used to determine whether radionuclide contaminants

are present in the ground water at the SDA need to be resolved at the earliest possible date. Although it may not be

possible to correct past deficiencies, it is essential that future ground water sampling and associated laboratory analyses

be conducted in a manner that provides a consistent and defensible data base.
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Figure 4-1. Reaction scheme illustrating the competition between the formation of dissolved species
(U022+ and UO2L32-3n) and surface species (SOUO2OH).
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Figure 4-6. Computed surface-area-referenced distribution coefficient (Kr) values for adsorption of

U(VI) by ferrihydrite at different partial pressures of CO2 (g) and total adsorption site density (ST).

Calculated values are based on the surface complexation model for ferrihydrite in table 4-1 [mM,

millimole per liter; g, gas; ads, adsorbed; aq, aqueous; atm, standard atmosphere].
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atm CO2 (g). Calculated values are based on the surface complexation models in table 4-1 [atm,
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Figure 5-1. The appearance of a typical adsorption isotherm. The slope of the tangent to the
isotherm at the origin equals the distribution coefficient, Kd (from Langmuir and Mahoney, 1984).
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Figure 5-3. Behavior of 237Np (initially Np02+) in rock-water systems. Rocks studied include
Conasauga (C.) Shale, argillaceous (A.) shale, Westerly (W.) Granite, Sentinel Gap (S.G) Basalt, and
oxidized S.G. Basalt (pretreated with sodium hypochlorite) (from Bondiette and Francis, 1979).
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Figure 5-5. Breakthrough of 3H from interbed packed column (solid diamonds represent data points
and the line represents the model fit). Total 3H recovery was 101.5 percent of the initial amount
added to the column (from Newman and others, 1995).
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points). Total 241Am recovery was 1.9 percent of the initial amount added to the column (from
Newman and others, 1995).
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Figure 5-7. Breakthrough of 239P11 from interbed packed column (solid diamonds represent data
points). Total 239PU recovery was 0.1 percent of the initial amount added to the column (from
Newman and others, 1995).
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Figure 5-8. Breakthrough of 233U from interbed packed column (solid diamonds represent data

points and the line represents the model fit). Total 233U recovery was 90.3 percent of the initial

amount added to the column (from Newman and others, 1995).
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Figure 5-9. Breakthrough of 3H from crushed-basalt packed column (solid diamonds represent
data points and the line represents the model fit). Total 3H recovery was 96.9 percent of the initial
amount added to the column (from Newman and others, 1995).
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Figure 5-10. Breakthrough of 241Am from crushed-basalt packed column (solid diamonds represent

data points and the line represents the model fit). Total 241Am recovery was 14 percent of the initial

amount added to the column (from Newman and others, 1995).
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Figure 5-12. Breakthrough of 233U from crushed-basalt packed column (solid diamonds represent data

points and the line represents the model fit). Total 233U recovery was 89.9 percent of the initial amount

added to the column (from Newman and others, 1995).
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Figure 5-13. Variation of calcite saturation indices (SIewcite) and 90Sr partitioning (1 d)between the
solution and an ion-exchange phase in a one-dimensional column at chemical steady state (from
Reardon, 1981).
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Figure 5-14. Temporal and spatial changes in "Sr partitioning (Kd) between the solution and an

ion-exchange phase in a dynamically evolving system. After 17 days of transport time, the system

is near chemical steady state (from Reardon, 1981).
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Figure 5-17. Np aqueous concentrations as a function of distance according to PHREEQC
simulations of one-dimensional advective-dispersive transport with a surface and aqueous
complexation model. Np infiltration results are provided for different timesteps (labels next to
curves) and for simulations in which equilibrium with calcite was either specified (dashed line) or
not specified (solid line). Simulations used Np aqueous thermodynamic data from the ANSTO data
base.
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Figure 5-18. Np aqueous concentrations as a function of distance according to PHREEQC

simulations of one-dimensional advective-dispersive transport with a surface and aqueous

complexation model. Np infiltration results are provided for different timesteps (labels next to

curves) and for simulations in which equilibrium with calcite was either specified (dashed line) or

not specified (solid line). Simulations used Np aqueous thermodynamic data from the EQ3/6 data

base.
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Figure 5-19. Np aqueous concentrations as a function of timestep. Np infiltration results identify the
source of Np thermodynamic data used (ANSTO or EQ3/6) and whether calcite equilibrium was
specified throughout the one-dimensional column.
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Figure 5-20. Np aqueous concentrations as a function of distance according to PHREEQC reactive

transport simulations. Np cleanup results are provided for different timesteps (labels next to curves).

Equilibrium with calcite was not specified. Np thermodynamic data were taken from the ANSTO

data base.

32



1x10-8

8x10-9

4x10-9

2x10-9

0

0 20 40 60

DISTANCE, IN METERS

80 100

Figure 5-21. Np aqueous concentrations as a function of distance according to PHREEQC reactive
transport simulations. Np cleanup results are provided for different timesteps (labels next to curves).
Equilibrium with calcite was not specified. Np thermodynamic data were taken from the EQ3/6 data
base.
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Figure 5-22. Np aqueous concentrations as a function of distance according to PHREEQC reactive
transport simulations. Np cleanup results are provided for different timesteps (labels next to
curves). Equilibrium with calcite was specified. Np thermodynamic data were taken from the
ANSTO data base.
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Figure 5-23. Np aqueous concentrations as a function of distance according to PHREEQC reactive
transport simulations. Np cleanup results are provided for different timesteps (labels next to curves).
Equilibrium with calcite was specified. Np thermodynamic data were taken from the EQ3/6 data
base.
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Figure 5-24. Np aqueous concentrations as a function of timestep as simulated by PHREEQC for

mid-column and end-of-column sampling points. Np cleanup results identify whether calcite

equilibrium was specified throughout the one-dimensional column. Np thermodynamic data were

taken from the ANSTO data base.
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Figure 5-25. Np sorption isotherms calculated from PHREEQC simulations according to various
geochemical conditions (specification or lack thereof of calcite equilibrium; presence or absence
of water from well USGS 92).
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Figure 5-26. Np sorption isotherms calculated from PHREEQC simulations according to various
geochemical conditions (specification or lack thereof of calcite equilibrium; presence or absence of

water from well USGS 92) and to the source of Np aqueous thermodynamic data (ANSTO or

EQ3/6 data base).
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Figure 6-1. Model domain and grid of the Waste Area Group 7 numerical simulator, Radioactive
Waste Management Complex and vicinity, Idaho National Engineering and Environmental
Laboratory, Idaho.
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Figure 6-2. Variograms for the top elevation (a) and thickness (b) of surficial sediments in the

model domain of the Waste Area Group 7 numerical simulator, Idaho National Engineering and
Environmental Laboratory, Idaho.
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Figure 6-3. Variograms for the top elevation (a) and thickness (b) of the A-B interbed in the model
domain of the Waste Area Group 7 numerical simulator, Idaho National Engineering and
Environmental Laboratory, Idaho.
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Figure 6-4. Variograms for the top elevation (a) and thickness (b) of the B-C interbed in the model

domain of the Waste Area Group 7 numerical simulator, Idaho National Engineering and
Environmental Laboratory, Idaho.
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Figure 6-5. Variograms for the top elevation (a) and thickness (b) of the C-D interbed in the model
domain of the Waste Area Group 7 numerical simulator, Idaho National Engineering and
Environmental Laboratory, Idaho.
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Figure 6-6. Discretization, measured points, and relative confidence in kriged estimates for the top
elevation of the surficial sediments in the vicinity of the Radioactive Waste Management Complex,
Idaho National Engineering and Environmental Laboratory, Idaho.
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Figure 6-7. Discretization, measured points, and relative confidence in kriged estimates for the top
elevation of the surficial sediments in the Waste Area Group 7 model domain, Radioactive Waste
Management Complex, Idaho National Engineering and Environmental Laboratory, Idaho.
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Figure 6-8. Discretization, measured points, and relative confidence in kriged estimates for the

thickness of the surficial sediments in vicinity of the Radioactive Waste Management Complex,

Idaho National Engineering and Environmental Laboratory, Idaho.
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Figure 6-9. Discretization, measured points, and relative confidence in kriged estimates for the
thickness of the surficial sediments in the Waste Area Group 7 model domain, Radioactive Waste
Management Complex, Idaho National Engineering and Environmental Laboratory, Idaho.
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Figure 6-10. Discretization, measured points, and relative confidence in kriged estimates for the
top elevation of the A-B sedimentary interbed in the vicinity of the Radioactive Waste
Management Complex, Idaho National Engineering and Environmental Laboratory, Idaho.
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Figure 6-11. Discretization, measured points, and relative confidence in kriged estimates for the top
elevation of the A-B sedimentary interbed in the Waste Area Group 7 model domain, Radioactive
Waste Management Complex, Idaho National Engineering and Environmental Laboratory, Idaho.
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Figure 6-12. Discretization, measured points, and relative confidence in kriged estimates for the
thickness of the A-B sedimentary interbed in the vicinity of the Radioactive Waste Management
Complex, Idaho National Engineering and Environmental Laboratory, Idaho.
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Figure 6-13. Discretization, measured points, and relative confidence in kriged estimates for the
thickness of the A-B sedimentary interbed in the Waste Area Group 7 model domain, Radioactive
Waste Management Complex, Idaho National Engineering and Environmental Laboratory, Idaho.
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Figure 6-14. Discretization, measured points, and relative confidence in kriged estimates for the

top elevation of the B-C sedimentary interbed in the vicinity of the Radioactive Waste

Management Complex, Idaho National Engineering and Environmental Laboratory, Idaho.
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Figure 6-15. Discretization, measured points, and relative confidence in kriged estimates for the top

elevation of the B-C sedimentary interbed in the Waste Area Group 7 model domain, Radioactive
Waste Management Complex, Idaho National Engineering and Environmental Laboratory, Idaho.
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Figure 6-16. Discretization, measured points, and relative confidence in kriged estimates for the
thickness of the B-C sedimentary interbed in the vicinity of the Radioactive Waste Management
Complex, Idaho National Engineering and Environmental Laboratory, Idaho.
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Figure 6-17. Discretization, measured points, and relative confidence in kriged estimates for the
thickness of the B-C sedimentary interbed in the Waste Area Group 7 model domain, Radioactive
Waste Management Complex, Idaho National Engineering and Environmental Laboratory, Idaho.
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Figure 6-18. Discretization, measured points, and relative confidence in kriged 
estimates for the top

elevation of the C-D sedimentary interbed in the vicinity of the Radioactive Waste 
Management

Complex, Idaho National Engineering and Environmental Laboratory, Idaho.
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Figure 6-19. Discretization, measured points, and relative confidence in kriged estimates for the
top elevation of the C-D sedimentary interbed in the Waste Area Group 7 model domain,
Radioactive Waste Management Complex, Idaho National Engineering and Environmental
Laboratory, Idaho.
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Figure 6-20. Discretization, measured points, and relative confidence in kriged estimates for the

thickness of the C-D sedimentary interbed in the vicinity of the Radioactive Waste Management

Complex, Idaho National Engineering and Environmental Laboratory, Idaho.
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Figure 6-21. Discretization, measured points, and relative confidence in kriged estimates for the
thickness of the C-D sedimentary interbed in the Waste Area Group 7 model domain, Radioactive
Waste Management Complex, Idaho National Engineering and Environmental Laboratory, Idaho.
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Figure 6-22. Location of spreading areas, Radioactive Waste Management Complex, and selected

boreholes used in the 1999 tracer monitoring program, Idaho National Engineering and

Environmental Laboratory, Idaho.
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Figure 6-23. Flow diversions to the spreading areas from January 1965 to January 2000, Idaho
National Engineering and Environmental Laboratory, Idaho.
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Figure 6-25. Generalized net increase of the regional water table July 1981 to July 1985 (from
Pittman and others, 1988, fig. 10), Snake River Plain aquifer, Idaho National Engineering and
Environmental Laboratory, Idaho.
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Figure 6-26. Water levels in borehole USGS 88 from January 1975 to July 1998, Idaho National

Engineering and Environmental Laboratory, Idaho.
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